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I. Introduction. 

The work described in this paper was begun in the fall of 
1898, and was carried on at Harvard University during the 
year 1898-99 under the direction of Dr. Charles B. Davenport. 
It was completed during the winter of 1899- 1900. 

It was my desire to employ statistical methods in the study 
of variation in a group of birds, and to apply the " Precise 
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Criterion of Species " of Davenport ('98) to a problem in bird 
classification. The smaller American shrikes of the genus 
Lanius appeared to me to offer favorable material for the appli- 
cation of quantitative methods to the solution of an interesting 
taxonomic problem. 

The shrikes are a group of passerine birds more or less 
generally distributed in northern Europe and North America, 
and probably of circumboreal origin. The large northern 
shrike, Lanius borealis Vieill, of North America grades into 
the great gray shrike, Z. excubitor Linn., of Europe; and it 
exhibits a strong tendency towards individual variation. 

In the United States, Mexico, and southern Canada the 
breeding^ shrikes are not essentially different from the 
northern shrike, Z. borealis^ in certain of its color phases, 
except for smaller size and the more or less complete dis- 
appearance of a conspicuous barring or mottling of the 
breast in adults. This barring of the breast is persistent in 
most adults of Z, borealis and characteristic of the juvenile 
plumage of the southern shrikes, a fact of much phyloge- 
netic interest. 

According to the nomenclature of the American Ornitholo- 
gists* Union there are at present recognized three races or 
subspecies of the southern or smaller shrikes, which are as 
follows : Lanius ludoviciamts ludovicianus Linn., Z. ludovicianus 
excubitorides Swains., and Z. ludovicianus gambelli Ridgw. 
Subspecies gambelli includes the shrikes of California and 
vicinity. The shrikes of the rest of the country are classed as 
either ludovicianus or excubitorides, the former being typical 
in the south central states and the latter in the vicinity of 
Colorado. 

The shrikes of New England and the north central states 
have been variously classed, by different systematists, as either 
ludovicianus or excubitorides. Palmer ('98) has proposed for 
the shrikes of this intermediate region a new subspecies, 
migrans, whose validity, I telieve, can be well tested by the 
" Precise Criterion " method. 

1 In this paper the breeding range only is considered in discussing geographi- 
cal distribution. 
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We have in the shrikes the following eight important variable 
characters : 

1. Length of tail 

2. Length of ¥dng. 

3. Length of bill. 

4. Depth of bill. 

5. Curvature of culmen. 

6. Color of dorsal surface of head and back. 

7. Color of upper tail coverts. 

8. Color of breast 



II. Material. 

While the shrikes make good subjects for a study of varia- 
tion, there has been an unfortunate difficulty in obtaining 
material in amounts as large as is desirable. Shrikes are not 
especially common birds in the regions most collected in, and 
they are considered rare in most parts of New England. They 
are certainly not abundantly represented in collections of birds, 
and many of the skins that were obtained were imperfect, or 
did not come from the breeding areas of the birds. 

I have been able to procure measurements of two hundred 
and ninety-four available skins, obtained from the following 
sources : 

Mr. William Brewster, Cambridge, Mass 1 74 skins. 

National Museum, Washington, D. C 64 " 

Museum of Comparative ZoSlogy 18 ** 

Mr. J. H. Gaut, Washington, D. C 15 " 

Mr. C. F. Batchelder, Cambridge, Mass 8 " 

Dr. A. K. Fisher, Washington, D. C 5 " 

Mr. N. Hollister, Delavan, Wis 4 " 

Oberlin College Museum, Oberlin, Ohio 4 " 

Carnegie Museum, Pittsburg, Pa i " 

Mr. William Palmer, Washington, D. C i " 

The numbers given do not include skins which, for various 
reasons, could not be used. I wish here to express my thanks 
to the gentlemen who have secured for me the loan of the 
above-mentioned material, and especially to Mr. William 
Brewster for many courtesies received. 
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Geographical Distribution. 
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- 
120 



III. Methods. 
A, General Precautions, 

It is hardly necessary to say that work of this kind should 
be done with material in normal condition. I have made no 
measurements where mutilations existed, and only adult birds 
bearing good evidence of representing their breeding ranges 
have been used. It has been necessary to reject a number of 
skins because of lack of data as to sex. As male and female 
shrikes are essentially alike in color and differ little in size, it 
is not possible to verify the original determinations of sex; 
however, there has been no noticeable confusion in this 
respect. 

No attention has been given to the subspecific distinctions* 
appearing on the labels of skins, for I have considered it 
important to avoid all possibility of bias of opinion which 
attention to previous classification might give. 
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B. Measurements of Variable Characters, 

1. Linear Measurements. Length of Wing. — The shortest 
distance between the wrist and the tip of the wing was 
measured with a pair of dividers, the wing being folded natu- 
rally at the side of the body. The left wing was taken in every 
case for the measurement. 

Length of Tail. — This measurement was made from the 
papilla of the uropygial gland to the extreme end of the tail 
feathers. One arm of the dividers was placed with its point 
resting on the anterior face of the papilla. On account of 
mutilation and frequent difficulty in finding the papilla, the 
measurement has often to be omitted. Great precision cannot 
be obtained, as there is irregularity in the relative position of 
the papilla in the drying of the skin, and there is also usually 
some wearing away of the distal ends of the rectrices. When 
the latter were much frayed no measurement was attempted. 

Length of Bill. — The only satisfactory method found for 
measuring the length of the bill was to take the shortest dis- 
tance between the nostril and the distal apex of the upper 
mandible. The point of one arm of the dividers was placed 
against the most distal face of the nostril. I have had to make 
allowance in some cases for the wearing away of the distal 
apex of the upper mandible, though the amount of wear is too 
small to materially affect the measurement. 

Depth of Bill. — The greatest dorso-ventral diameter of the 
bill near its base was determined. There is considerable lia- 
bility to error here on account of lack of uniformity in the 
articulation of the mandibles in the dried skin, and I found it 
necessary to reject quite a number of skins on this account. 

2. Curvature of Bill. — This is a character of the distal half 
of the culmen. Its quantitative expression is a matter of some 
difficulty, for we have here a curve which is not the arc of a 
circle nor a parabola, nor does it correspond to any geometrical 
figure. Then, too, the form and size of the bill are such as to 
render it impracticable to make precise measurements directly. 
To meet the latter difficulty it was decided to try to trace on 
paper the enlarged projection of the outline of the bill. After 
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some experimentation, the following apparatus was devised. 
Fig. I is a diagram of an enlarging camera with a box in front 
of the lens, at the left in the figure. A circular aperture for 
the passage of light was made in one side of the box, the oppo- 
B c 




Fig. I.— 



Longitudinal section of enlarging camera apparatus. By box ; C, paper cylinder; 
/', photographic paper in holder. 



site side being removed. At one side of the aperture (A^ Fig. 2) 
a simple cylinder (C, Figs, i and 2) of stiff paper just large 
enough to admit a shrike skin was fastened to the outside of 
the box in a nearly horizontal position by a single tack. 

Orientation was then secured for any skin by the following 
simple adjustments: (i) rotation of the skin in the cylinder 
around its longitudinal axis ; (2) rotation of the cylinder on the 
axis formed by the tack ; (3) moving the skin in the cylinder 
towards or away from the aperture ; (4) rotation of the box on 
a vertical axis. 

The apparatus was arranged so that the bill of a shrike was 

about seven inches from the front of the lens and its median 

plane at right angles to the axis of the camera. Strong dif- 

Q fused daylight was then 

allowed to pass through 

_^ the aperture of the box 

past the bill, and into 

the lens of the camera, 

Fig. 2. — Paper cylinder (O holding bird so that the bill g^S shown by the arrO WS 
projects before aperture (-(4). '' 

in Fig. I . In the plate- 
holder at the back of the camera was placed a piece of ^' velox *' 
paper (a rapid printing photographic paper) about 2x3 inches 
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in size. An exposure of seventy-five seconds was ordinarily 
sufficient to obtain a picture, which appeared on development 
as a white area on a black ground. A magnification of 3>4 
diameters was secured, care always being taken to have the 
distance of the bill from the lens constant. An outline of 
the culmen of practicable working size having been thus 
obtained, the next step was the analysis of the curve. 

It was highly desirable to have one simple criterion of the 
curvature, if one sufficiently representative could be found. 
In Fig. 3, which represents the outline in a representative case, 
a great increase in the sharpness of the curvature is seen 




Fig. 3. — Dhgiain of bill showing method of measuring curvature of culmen . A B equals distance 
of A from nearest margin of nostril ; CD^ tangent to outline of culmen parallel io AB\ EF^ 
perpendicular at point of tangency, E\ EAF, angle embraced between the two chords 
of the culmen, ABznA AE. 

towards the distal end of the culmen ; the sharpness of curva- 
ture varies in different individuals. The point where the rapid 
increase begins was found on inspection to be sufficiently 
uniform in position to suggest the idea of comparing in dif- 
ferent individuals the angle embraced between two chords of 
the curve of the culmen, each of them terminating at the distal 
end of the culmen. The proximal ends of the two chords were 
selected by the following method : one was established at a 
point on the culmen as far from its apex as the apex was from 
the nearest margin of the nostril. The distance of the nostril 
from the tip of the culmen, of course, could not be measured on 
the photographic silhouette print ; it was therefore determined 



Digitized by CjOOQ IC 



278 THE AMERICAN NATURALIST. [Vol. XXXV. 

by measuring the actual distance in the specimen and multi- 
plying that value by the linear magnification of the print. 
The nostril distance was used because the nostril was found 
to be the only point sufficiently definite and constant for the 
proximal limit. This chord (ABy Fig. 3) served as a base line. 
A line (CD) parallel to the base line and tangent to the cul- 
men was next drawn, and at the point of tangency (E) a per- 
pendicular {EF) was erected between the lines. It was then 
a simple matter to measure the lines ^-Fand EF^ and with a 
table of natural tangents to determine the angle EAF, This 
is the angle that has been adopted as a criterion of curvature 
in the shrike bill. It is easily seen that there might be an 
infinite number of small variations in the outline of the culmen, 
especially in the part distal to the point E^ which would not 
affect the angle EAF\ but I believe that a correlation is to be 
expected between the curvatures in various portions of the 
culmen, so that it is probable that any considerable variation 
in outline elsewhere would affect the Curvature in the region 
of E and thus nnd expression in the angle EAF. In order, 
however, to have something more than a subjective impression 
on this matter, I made a second series of measurements with 
half the length of the line AB used as a chord. The result of 
these measurements, and their deviations from those of the 
first set, are given on page 294. 

3. Color Measurements. — For the quantitative determination 
of color, the ** color mixer *' was suggested. A simple form of 
color mixer — the Bradley Milton Color-Top — was employed. 
This instrument has a graduated disk, with superimposed paper 
disks of five different colors, which can be so adjusted as to 
make compound disks exposing two or more colors. On being 
rotated at high speed these colors are mixed into one, which 
is a combination of the colors used in the proportions of the 
number of degrees of each exposed. With the aid of this 
apparatus it is therefore possible to determine the proportions 
of these primary colors entering into any color effect which 
may be produced by various combinations of them. To deter- 
mine the composition of any color in nature, it is necessary 
to reproduce empirically that color in the top and note the 
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combinations that have given the desired effect. In practice, 
however, the following conditions were found essential to 
accurate estimation of color: (i) Uniform strong diffused 
daylight, preferably coming from a skylight or north window 
and not subject to strong reflections from colored surfaces ; 

(2) frequent comparison with previously made estimates; 

(3) careful comparison of the color obtained by the top with 
that of the plumage, whose color is being measured, both 
being viewed from different directions. 

I found it impracticable to make color estimates for more 
than two hours continuously, because of color fatigue of 
the eye. 

In spite of the above precautions, there are limitations to 
the use of the color-top. In the estimation of color, the 
personal equation plays an important part. Then, too, the sur- 
face of the color disks is very different in character from that 
of feathers. The peculiar luster or sheen so characteristic of 
a bird's plumage cannot be imitated by the color mixer. In 
estimating the color of the breast, more or less mottling, which 
exists in some cases, increased the difficulty. In such cases I 
have attempted to estimate the mean color. Some apparatus 
for blending a complex pattern into one color would be very 
desirable. I do not attempt to maintain that estimates of the 
same material by another person would exactly agree with 
mine; but I believe that I have a consistent classification of 
individuals according to color. 

After several weeks of experimentation I found that, though 
there were traces of blue, red, and yellow, the colors black and 
white were by far the most important elements in the areas 
measured. Therefore I have taken as the color criterion the 
amount of black, or the melanism, of the color area described ; 
and color estimates appear in the tables as percentages of 
melanism. I have found it more difficult to estimate colors 
containing more than $of> of white than those in which black 
predominated, and I have not attempted to make fine distinc- 
tions as to melanism in the lighter color areas. The large 
amount of black necessary to produce even the lightest 
grays in the color mixer was a matter of surprise to me. To 
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properly appreciate the estimates of color given in this paper, 
a color mixer should be used to reproduce the combinations 
given. 

Ability in the discrimination of color I have found to be 
much developed by experience. The color determinations of 
my first three months' work were rejected, as increased power 
of discrimination made more accurate results possible. 

C, Geographical Areas. 

The material described in this paper has been collected from 
a territory of great size and varying conditions, and it is there- 
fore desirable to compare individuals both as parts of a single 
group and in subdivisions corresponding to natural life areas, 
so that correlations between individual variability and geo- 
graphical variation may be made. I have adopted the life 
areas employed by Allen ('93) for the territory covered by my 
material, which are four in number : 

1. Austroriparian Subprovince^ embracing North and South Carolina, 
Georgia, and Florida. 

2. Appalachian Subprovince^ embracing Maine, Massachusetts, Con- 
necticut, District of Columbia, Virginia, Ontario, New York, Pennsylvania, 
Indiana, Kentucky, Ohio, Illinois, Wisconsin, Minnesota, and North 
Dakota. 

3. Campestrian Subprovince, embracing British Columbia, Montana, 
Wyoming, Colorado, Indian Territory, New Mexico, Texas, Idaho, Utah, 
Arizona, and Nevada. 

4. Sonoran Subprovince^ embracing California, Lower California, and 
Mexico. 

A comparison of variations for still smaller areas is desirable, 
but this, to be useful, would require more material than I have 
been able to obtain. The subspecies of shrikes have the dis- 
tribution given by Palmer ('98), excepting gambelli (Palmer 
did not consider the western shrikes), which agrees very well 
with the above life areas. The inhabitants of each are : 

SuBpRoviNCE. Subspecies. 

Austroriparian = ludovicianus 

Appalachian = migrans 

Campestrian = excubitorides 

[Sonoran = gambelli] ? 
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IV. Results. 
A, Indices of Variability, 

I. Wing and TaiL — In Figs. 4-8, frequency polygons based 
on measurements of various dimensions, the position of the mean 
class is indicated by a heavy vertical line. In Fig. 4 are given 
frequency polygons for the lengths of the wing (4 A) and tail (4 B) 
of all available male shrikes. They show a striking absence of 
variability for these characters in a series of individuals repre- 
senting four subprovinces with greatly varying conditions. 

In Tables I-III are given correlations between the length of 
wing and the length of tail. I have used the method of 
Duncker (Davenport, '99, p. 33) in determining coefficients 
of correlation. The "probable error** has also been deter- 
mined by the following formula (Davenport, '99, p. 34), in 
which p is the coefficient of correlation. 

P p ^_ 0.6745(1-^') 
V« (I +/>) 

On comparing Tables II and III, we find that Florida shrikes 
have a greater length of tail in relation to the length of wing 
than shrikes from the Appalachian subprovince. 

The correlation in these characters for the series from the 
Appalachian subprovince is seen to be 0.157— greater than 
that of the Florida series. This difference is possibly due in 
part to the skewness of the curves of frequency for these series, 
which renders precise correlations difficult. 



Table I. — 140 Male Shrikes from the Entire Region. 

Mean of wing = 99.06 + mm. Mean of tail = 101.57 1 -|- mm. 
<ri = 2.74 + mm. <ra = 3.48 + mm. 
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Table II. — 41 Male Shrikes from Florida. 

Mean of wing = 97463 + mm. Mean of tail = 102.292 + mm. 
<r\ = 2.29 + mm. at = 3-14 + mm. 
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Tail, Rblativb. 
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I (IV) 
P. E. p = ± 0.0487 



Table III. — 28 Male Shrikes from the Appalachian 

SUBPROVINCE. 

Mean of wing = 99.357 -f mm. Mean of tail = 99.43 + mm. 
<ri = 2.31 + mm. fl"a = 3.063 + mm. 

Wing, Subject. Tail, Relative. 
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96 mm. — 3 
98 mm. — I 


2 
I 


I 


I 
5 


I 
4 








100 mm. 






2 


4 








102 mm. 2 






I 




2 


I 


I 


104 mm. 4 
106 mm. (Ill) 6 












I 


I 

(IV) 


P = 


0.796 + 








P. E. 


p= ± 0.0348 + 



A general tendency towards great length of tail in southern 
birds has been noted by Allen ('71, pp. 230, 231). In Table 
VII, p. 291, the mode of lengths of tail for Austroriparian 
males is seen to be 102 mm.; whereas Appalachian males have 
a mode of 100 mm. The mean of Austroriparian shrikes is 
loi .91 +mm., while that of Appalachian shrikes is 99.43 + mm., 
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a difference of 2.48 mm. Austroriparian females show a 
still greater preponderance in length of tail, having a mode 
6 mm. greater and a mean 3.05 mm. greater. Not much 
importance, however, can be attached to the great difference of 
the modes in this case, because of the small number of females 
measured. 

Palmer ('98) says, in referring to shrikes of the Appalachian 
and Austroriparian subprovinces respectively : " In migrans 



Fig. sA. 



Fig. sB..Sc> 
.E9 



Fig. 5C 




Lengthin mm. 10.6 la^ 11.2 11,5 n.s 12.1 12.4 13.7 13.0 13.3 13.6 13.9 



Fig. 5. — Frequency polygons for length of bill. A , 164 males from entire region ; B^ 69 males from 
Austroriparian subprovince ; C, 38 males from Appalachian subprovince. 

[Appalachian] the wing is longer than the tail, due to its 
migratory habit ; in ludovicianus [Austroriparian] the tail is 
longest, thus indicating its fixed habitat." 

I find, on the contrary, that the wing is not absolutely longer 
than the tail in the Appalachian form, though from Tables VI 
and VII, pp. 290, 291, it is clear that the excess of the length of 
tail over that of the wing is less in migrans than in ludovicianus ; 
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or, in other words, that relatively to the tail, the wing is longer in 
migrans than in ludovicianus, as his theory would require. 

Palmer's explanation of length of wing in migrans as the 
result of habit is plausible. However, it has not been proved 
that shrikes which migrate northward actually fly any more 
than those remaining in Florida; moreover, it seems to me 
that there are other possible explanations. I am inclined to 
think that we have here a case of the condition already noted 




Fig. 6C. 

Depth in mm 



90 9,2 9.4 9-6 9.3 lo.o 10.2 



Fig. 6. — Frequency polygons for depth of bill. j4, 126 males from entire region ; B, 54 males from 
Austroriparian subprovince; C, 21 males from Appalachian subprovince. 

by Allen — a tendency towards greater length of tail in tropical 
birds. Unfortunately I cannot prove this, — any more than 
Palmer does his hypothesis, — for it has not been possible to 
determine the actual ratios of tail length and wing length with 
reference to the general size of the bird. 

2. Length and Depth of Bill. — In Fig. 5 are given frequency 
polygons of variations in length of bill for the entire region and 
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for two subprovinces. Here is shown a considerable separation 
of the means (indicated by the vertical line) for the subprovince 
polygons, indicating a larger bill for Austroriparian shrikes 
(5-ff), which are also seen in Fig. 6B to have a greater depth 
of bill. The increase in size found in the bills of Florida 
shrikes is also shown by comparison of Tables IV and V, in 
which these characters are correlated for a series of Florida^ 
shrikes and a series from the Appalachian subprovince. A 
striking absence of correlation and a great tendency towards 
individual variation in the proportions of the bill are to be seen. 
Increase in the relative size of the bill in many southern birds 
has been noted by Allen ('71). It would be an interesting field 
for statistical investigation. 

Table IV. — 32 Male Shrikes from Florida. 



Classes ol 


F 




Classes of Length of Bill in Millimeters. 


TotaL 


Depth of BUI. 


11.2 


xi.s 


11.8 


12.1 


12«4 


12.7 


13.0 


13.3 


18.6 


13.9 


8.8 mm. 

9.0 mm. 

9.2 mm. 

9.4 mm. 

9.6 mm. 

9.8 mm. 
1 0.0 mm. 
10.2 mm. 










I 

I 
I 


I 
I 
2 

I 

5 




I 

I 

I 


I 

I 

I 

4 




I 
I 

2 


I 


2 
2 

5 
3 
2 
6 
II 
I 


Total . . . 






3 


10 




3 


7 




4 


I 


32 



3. Color, — Frequency polygons for variations in the melan- 
ism of the head are shown in Fig. 7. The upper polygon (Fig. 
7^4), which includes the entire series, is seen to be distinctly 
bimodal, and in the lower polygons we see that the mode of 
greater melanism is due to the presence of Austroriparian 
shrikes, and that the shrikes of the Campestrian subprovince 
have the least melanism for the dorsal surface of the head. 

1 Only Florida representatives of the Austroriparian shrikes were taken in this 
case, in order to eliminate intermediate forms, for it seemed desirable to me to 
compare the Appalachian shrikes with a group as nearly tropical as possible. 
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The Campestrian subprovince includes arid portions of the 
United States, where paleness of color in the fauna is supposed 
to be correlated with this condition. 

Table V. — 22 Male Shrikes from the Appalachian 
Subprovince. 



Oastesol 


[ 






Oasses of Length of Bill in Millimeters. 




Depth of BiU. 


10.6 


J0.9 


11.2 


ri.s 


11.8 


I3.I 


ia.4 


12.7 


«3. 


Totml. 


8.4 mm. 
8.6 mm. 
8.8 mm. 
9.0 mm. 
9.2 mm. 
9.4 mm. 
9.6 mm. 
9.8 mm. 










I 
I 


I 


I 

I 

2 
I 


3 

I 


I 


I 
I 
I 

I 


I 


I 


I 


I 

2 

5 
8 

2 

3 


I 


Total 


2 


I 


6 


5 


I 


4 


I 


I 


I 


22 



While such correlations are frequently suggested by the 
fauna of desert regions, the relations of humidity to color 
are still problems for further investigation. 

Very great variations in the melanism of the upper tail 
coverts are shown in Fig. 8. The shrikes of the Campestrian 
subprovince have here also a mode of little melanism, 309b, 
while a mode of great melanism, yo% is found for Austrori- 
parian shrikes. The upper tail coverts of Campestrian shrikes, 
especially those from Colorado and Arizona, are very light 
gray. This peculiarity has caused the race to be designated 
as the white-rumped shrikes. 

B. Tables of Constants of Frequency Polygons, 

In Tables VI-XIII will be found indices of variation for all 
the material studied. All computations have been made from 
measurements grouped into classes. This grouping has been 
adopted both in drawing the polygons and in determining the 
indices of variability, in order to reduce the "probable error." 
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Fig. 7. — Frequency polygons for 
melanism of top of head. A , 144 
males from entire r^on ; B, 57 
males from Austroriparian sub- 
province ; C, 33 males from Ap- 
palachian subprovince; D, 21 
males from Campestrian sub- 
province; E, 33 males from So- 
noran subprovince. 
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-Freqaenqr polygons for melanUm of upper tail coverts. A, 142 males from entire region: B, 55 males from Austroriparian 
««bproTincc; C, 34 males from Appalachian subprovince ; /?, 18 males from Campestrian subprovince ; £", 35 males from 
^cran sobprovince. 
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The following constants of the frequency polygons have 
been determined (Davenport, '99) : 

1. Mode : Class of greatest frequency. 

2. Mean : M, = ^ '!) - 



3. Standard Deviation, <r = -W-ifiZ) . 

^ n 

4. CoeflScient of variability: CK =-^x 100. 

M 

<r 

5. Probable error of Mean : P, E, il/.*[sub.] = ± 0.6745 ~~r ' 

6. Probable error of Standard Deviation : P.E.<t [sub.] = ± 0.6745 



Table VI. — Length of Left Wing. 



Area. 


Material. 


Mode. 


Mean. 


Standard Dbv. 


Entire region 


168 males. 
112 females. 




99.09 + mm. 
97.98 + mm. 


2.79 + mm. 
2.64 + mm. 


Austroriparian . 


70 males. 
31 females. 


98 mm. 
96 mm. 


97.6 + mm. 
96.64 + mm. 


2.04 + mm. 
2.35 -1- mm. 


Appalachian . . 


35 males. 
25 females. 


98-100 mm. 
98 mm. 


99.2 mm. 
97.68 mm. 


2.45 + mm. 
2.17 + mm. 


Campestrian . . 


27 males. 
24 females. 


104 mm. 
102 mm. 


101.26 mm. 
99.75 mm. 


2.45 + mm. 
2.79 + mm. 


Sonoran . . . 


36 males. 
32 females. 


98 mm. 
98 mm. 


100.28 mm. 
98.19 + mm. 


2.90 + mm. 
2.36 + mm. 



CV. of 168 males = 2.81 +. CV. of 112 females = 2.69 +. 
P. £. M. [sub.] 168 males = ± 0.145. 
P, E. 9 [sub.] 168 males = ± 0.1026 +. 
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Table VII. — Length of Tail. 



Arba. 


Material. 


MODB. 


Mban. 


Standard Dbv. 


Entire region 


141 males. 




101.55 + mm. 


3.49 + mm. 




95 females. 




99.55 + mm. 


3.63 + mm. 


Austroriparian . 


65 males. 


102 mm. 


101.91 + mm. 


3.12 + mm. 




30 females. 


104 mm. 


100.47 + ^^• 


3.25 + mm. 


Appalachian . . 


28 males. 


100 mm. 


99.43 + mm. 


3.06 + mm. 




19 females. 


98 mm. 


97.42 + mm. 


3.85 + mm. 


Campestrian . . 


20 males. 


104 mm. 


102.3 mm. 


3.48 + mm. 




18 females. 


102 mm. 


99.89 + mm. 


3.42 + mm. 


Sonoran . . . 


28 males. 


100 mm. 


102.21 + mm. 


3.90 + mm. 




28 females. 


102 mm. 


99.43 + mm. 


3.88 + mm. 



CK. of 141 males = 3.43 +. CF. of 95 females = 3.65 +. 
P. E. M [sob.] 141 males = ± 0.198 +. 
P, £. ff [sub.] 141 males = ± 0.14008 +. 



Table VIII. — Length of Bill. 



Arba. 


Material. 


Mode. 


Mban. 


Standard Dbv. 


Entire region 


164 males. 




12.01 + mm. 


0.71 + mm. 




1 1 2 females. 




1 1 .7 1 4- mm. 


0.63 + mm. 


Austroriparian . 


69 males. 


I3.I mm. 


12.58 + mm. 


0.59 + mm. 




30 females. 


1 2. 1 mm. 


12.17 + mm. 


0.51 + mm. 


Appalachian . . 


38 males. 


1 1.8 mm. 


11.63 + "™™- 


0.56 + mm. 




29 females. 


1 1.9 mm. 


11.26 + mm. 


0.54 -f mm. 


Campestrian . . 


25 males. 


12.1 mm. 


11.84 + mm. 


0.63 + mm. 




20 females. 


1 2. 1 mm. 


11.57 + mm. 


0.51 + mm. 


Sonoran . . . 


32 males. 


12.1 mm. 


11.96 + mm. 


0.54 -f mm. 




35 females. 


1 2. 1 mm. 


11.76 4- mm. 


0.53 + mm. 



CV. of 164 males = 5.89 +. CV. of 112 females = 5.35 +. 
P, E. M. [sub.] 164 males = i 0.0374 +. 
P, E. 9 [sub.] 164 males = db 0.0264 +. 
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Table IX. — Depth of Bill. 



Area. 


Material. 


Mode. 


Mean. 


Standard Dev. 


Entire region . 


126 males, 
85 females. 




9.27 4- mm. 
8.95 4- mm. 


0.42 4- mm. 
0.41 4- mm. 


Austroriparian . 


54 males. 
22 females. 


lo.o mm. 
9.2 mm. 


9.54 4- mm. 
9.32 4- mm. 


0.38 4- mm. 
0.37 + mm. 


Appalachian . . 


21 males. 
19 females. 


8.8-9.0 mm. 
8.8 mm. 


8.95 + mm. 
8.90 + mm. 


0.30 4- mm. 
0.36 4- mm. 


Campestrian . . 


19 males. 
14 females. 


9.0 mm. 
8.8 mm. 


9.08 4- mm. 
8.8 4- mm. 


0.28 4- mm. 
0.30 + mm. 


Sonoran . . . 


32 males. 
30 females. 


9.0 mm. 
8.8-9.0 mm. 


9.12 4- mm. 
8.78 4- mm. 


0.44 4- mm. 
0.36 4- mm. 



CV. of 126 males = 4.57 4-. CV, of 85 females = 4.61 4-- 
P, E. M, [sub.] 126 males = ± 0.0252 +. 
F. E'. (T [sub.] 126 males = ± 0.0178 4-. 



Table X. — Melanism of Top of Head. 



Area. 


Material. 


Mode. 


Mean. 


Standard Dev. 


Entire region . 
Austroriparian . 
Appalachian . . 
Campestrian . . 
Sonoran . . . 


144 males. 
99 females. 

57 males. 

24 females. 

33 males. 

25 females. 

21 males. 
17 females. 

33 males. 
^^ females. 


86%. 
88%. 

80%. 
80%. 

80%. 
80%. 

82%. 
82%. 


83.57 + %. 

83.66 -f %. 

86.17 -f %. 

87.25 4- %. 

82.24 4- %. 
82.32 4- %. 

80.67 4- %. 
80.94 + %. 

82.24 4 %. 
83.45 + %. 


3.00 + %. 
3-19 + %' 

1.69 -f %. 
1.81 -f %. 

2.68 + %. 

3.03 4- %. 

1.13 + %. 
1.78 -f %. 

2.4 +%. 
2.38 -f %. 



CV. of 144 males = 3.58 4-. CV, oi 99 females = 3.81 4-- 
P. E, M. [sub.] 144 males = ± o.t686. 
P. E. <T [sub.] 144 males = 4: 0.119 +. 
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Table XL — Melanism of Upper Tail Coverts. 



Arsa. 


Material. 


Mode. 


Mean. 


Standard Dev. 


Entire region . 


142 males. 
104 females. 




53->3 4- %. 
47.98 + %. 


15-42 4- %. 
18.99 4- %. 


Austroriparian . 


55 males. 
25 females. 


70%. 
65%- 


67.22 4- %• 
66.2 %. 


5.02 4- %. 
8.16 4- %. 


Appalachian . . 


34 males. 
20 females. 


60%. 
60%. 


58.38 + %. 
53-2 %. 


9-3 +%• 
6.4 4-%. 


Campestrian . . 


18 males. 
17 females. 


3°%- 


25.28 4- %. 
28.25 4- %. 


1 1.4 4-%. 
14.8 +%. 


Sonoran . . . 


35 males. 
43 females. 


35%- 
30%. 


40.43 4- %. 
38.26 + %. 


13-01 4- %. 
13-37 + %. 



CV. of 142 males = 29.02 4-. CF. of 104 females = 39.58 +. 
P. E. M. [sub.] 142 males = ± 0.873 +• 
P. E. 9 [sub.] 142 males = i 0.617 4-. 



Table XII. — Melanism of Breast. 



Area. 



Entire region 
Austroriparian 
Appalachian . 
Campestrian . 
Sonoran . . 



Material. 



Mode. 



124 males. 
98 females. 

42 males. 
27 females. 

35 males. 
23 females. 

17 males. 

1 8 females. 

30 males. 
30 females. 



25%. 
35%- 

35%- 
40%. 

25%- 
35%- 

25%- 
35%. 



Mean. 



I Standard Dev. 



31.21 4- %. 
36.58 4- %. 


11.07 4- %. 
10.51 4- % 


23.81 4- %. 
32.41 4- %. 


6.66 + %. 
10.36 -f % 


43.28 + %. 
47-61 -f %. 


9-4 %. 
8.71+% 


27.65 + %. 
31-39 + %. 


7.27 4- %. 
6.63 + % 


29-5 %- 
35-0 %- 


6.65 + % 
7-30 4- % 



CV. of 124 males = 35.48 +. CV. of 98 females = 28.72 +• 
P. E. M. [sub.] 124 males = ± 0.6709 +• 
P. K. <r [sub.] 124 males = ± 0.474 +. 
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Because of limited time I was unable to* obtain measure- 
ments of culmen curvature for more than forty-seven individ- 
uals (partly males and partly females), a number so small that 
a rather large probable error is found for coefficients of 
variability. 

The results obtained are given in the following table. 

Table XIII. — Curvature of Culmen. 
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29.936^ 



Austroriparian <r = 2.74° +. 
Appalachian c = 2.03'' +. 
Campestrian <r = 3.12° +. 
Sonoran <r = 2.16° +. 



CV. = 9.58 +. 
CF. = 6.92 +. 
CK = 10.06 +. 
CF.= 6.75. 



P.£.a= ±0.534+. 
P.£.<r=± 0.206 +. 
P.£,<r=± 0.372 +. 
P.£.<r=± 0.594 +. 



Total 



<r = 2.74® +. Cr. = 9.15 -. P. E.(f - ± 0.191 +. 



The shrikes of the Austroriparian subprovince, mostly Florida 
birds, are seen to have a mean curvature 3.34° — less than 
that of the Sonoran birds measured. With so few individuals 
precise statements as to curvature are not very reliable, but I 
believe that the figures given are approximately correct for the 
four subprovinces represented. The series of measurements of 
the curvature of the culmen when half the base line A B (Fig. 3) 
was used as the chord gave the following constants and coeffi- 
cients of variability for the forty-seven individuals measured in 
the first series : Mean, 26.34° + i Mode, 27° ; cr = 2.33° + ; 
CV. = 8.85 ; F. E. (T=:±o. 162 H-. 

The angles obtained from the second series of measurements 
were never greater than those from the first series. The 
greatest deviation from the first set of measurements was 7°, 
which occurred in four cases. All the deviations are indicated 
in the following table : 
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4 individuals. 
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It was impossible to get as accurate results in the second 
series, because of greater difficulty in determining the actual 
point of tangency, but the results obtained show that there is 
a fairly close correlation in the curvature for various parts of 
the bill ; that is, where the culmen is much curved in one 
place, it is likely to have correspondingly strong curvature at 
other points. 

The only selection exercised in the whole work was employed 
in the estimation of curvature, individuals which appeared on 
inspection to be typical for their respective subprovinces having 
been chosen, since it was impossible, for want of time, to photo- 
graph the entire series. 

C, Discussion of Results and Conclusions, 

Although computations have been carried out to the third 
or fourth decimal place, figures beyond the second decimal 
place are not given, as they would imply a degree of precision 
which is not attainable in an investigation of this kind. For 
example, the mean length of wing for 168 male shrikes is seen 
to be (see Table VI) 99.09 + mm. It often happened in mak- 
ing correlations that, because of general wear or some special 
mutilation to a single character, some individuals could not be 
included in a correlation table. This has happened especially 
often in the case of the tail, so that in the correlation table for 
wings and tails only 140 of the 168 male shrikes could be 
included. The mean for the left wings of the series of 140 
shrikes was found to be 99.06 mm. (see Table I), a result 
which dififers from the mean of the whole lot (168) by 3 in 
the second decimal place. 

The modes and means given for the melanism of the breasts 
of Appalachian-subprovince shrikes show a percentage which, 
though higher than in other subprovinces, is not as high as 
would have been the case had not a large proportion of indi- 
viduals come from localities intermediate between the Campes- 
trian and Appalachian subprovinces. Shrikes from New 
England were found to have 50-60^ of melanism for the 
breast. An analysis of material shows that only five skins 
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were obtained from New England, whereas Illinois alone is 
represented by thirteen. This lack of equalization in the 
sources of material prevents certain desirable interpretations 
of tendencies towards minor variations. 

To my mind one of the most important results reached is the 
determination of the relative variability of different characters 
in a group of birds representing geographical areas of consid- 
erable size. The coefficients of variability (Tables VI-VII) 
indicate for the wing and tail a variability of less than 4 in 
length. The bill is somewhat more variable, as is shown by a 
coefficient of 5.89 + for the length of bill in a series of 164 
males. Color, as would be expected, is much more subject to 
variation. The upper tail coverts and breast are the most vari- 
able ; but the coverts furnish only a very small part of a bird's 
coloration, and the color of the breast was the character which 
it was the most difficult to measure satisfactorily, especially as 
advanced age and the condition of the plumage are factors of 
possible importance which I have found it difficult to consider. 
Fortunately for this particular study, shrikes do not change 
much after the first winter plumage is obtained. 

I believe that migrans is as worthy of recognition as gam- 
belli. Whether it is profitable to encumber nomenclature with 
the names of these races, based on slight variations, is a ques- 
tion which is worthy of further consideration. 

The power of discriminating fine shades of color varies in 
different persons, and it can be highly developed by education. 
At the present time there is much activity among certain 
systematists in the production of new subspecies for geo- 
graphical varieties, which long experience and special adept- 
ness enable them to distinguish. A variation, no matter how 
slight, that can be correlated with geographical range is con- 
sidered to warrant an addition to nomenclature ; but the dis- 
covery and description of geographical races can be carried on 
almost ad infinitum. 

Birds, because of their powers of flight, might be expected 
to be less subject to the factor of isolation than non-migratory 
animals, but the tendency to return in spring to the same 
breeding place must, in some species at least, be conducive to 
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the formation of numerous local variations, or family character- 
istics, whose recognition is a matter of power of discrimination 
on the part of the systematist. 

It seems highly desirable that the question of limiting the 
establishment of new subspecies or varieties by some generally 
accepted criteria be considered. 

I do not argue for the universal use of the method of the 
"Precise Criterion/* but I believe that it is both desirable and 
practicable to employ it in certain problems of taxonomy, such, 
for instance, as the one just discussed. The ordinary work of 
classification, perhaps, does not at present require the precision 
in treatment furnished by purely quantitative methods, but 
problems of race distinction, I believe, need the precision of 
the ** Precise Criterion." The contention that quantitative 
methods are less useful than those ordinarily employed because 
of the large amount of material required, is mischievous, for it 
argues that generalizations professing precision are possible by 
methods which are not precise. The problems of finer classi- 
fication can be properly settled only by the use of a large 
amount of material, whatever the methods used. 

V. Summary. 

Quantitative methods have here been applied to the study 
of variation in the smaller shrikes of North America, and the 
following variable characters have been measured : 

1 . Length of wing. 

2. Length of tail. 

3. Length of bill. 

4. Depth of bill. 

5. Curvature of culmen. 

6. Color of dorsal surface of head. 

7. Color of upper tail coverts. 

8. Color of breast. 

The three color areas have been found to vary principally in 
the amount of melanism present. A series of 294 shrike skins 
from various parts of the United States, Mexico, and southern 
Canada have been studied and measurements of these skins 
have been classified. 
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Coefficients of variability have been determined as follows 
for the whole series. 

Males Fbmalbs 

Length of wing 2.81 + 2.69 + 

Length of tail 343 + S-^S + 

Length of bill 5-89 + 5-35 + 

Depth of bill 4-57 + 4-6i + 

Melanism of top of head 3.58 + 3.81 + 

Melanism of upper tail coverts .... 29.02 + 39.58 + 

Melanism of breast 35.48 + 28.72 + 

Curvature of culmen . . 47 males and females 9.15 — 

Florida shrikes were found to have relatively large bills and 
long tails. 

A large percentage of melanism has been found for the top 
of head and the back of shrikes from the south central states, 
while shrikes from the vicinity of Colorado and Arizona have 
a relatively small percentage of melanism for all three color 
surfaces measured. 

I wish to make acknowledgments to Dr. Davenport for 
supervision of the work and helpful criticisms, and to Dr. Mark 
for suggestions and revision of the manuscript. 

Cambridge, Mass. 
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INTRODUCTION. 

SiNOB the appearance of the admirable paper by Hensen ('63) on the 
auditory organs of decapods, a period of thirty-seven years has elapsed, 
a period rich in zoological discoveries and improvement in general tech- 
nique. The great advances made in comparative neurology by means 
of modem methods have reopened to investigators fields for research 
hitherto considered exhausted. The zoologist of the present time is 
thus enabled to reap a second crop on ground already carefully gleaned, 
and to harvest results as important as those originally obtained. 

The physiological work of Henseu's paper has been continued in re- 
cent years by various investigators. But aside from the paper by 
Bethe (*95) on the otocysts * of the schizopod Mysis, little work has 
been done on the morphology of the decapod ear since 1863. 

1 Throughout this paper the terms otocyst, statocyst, ear, and auditory sac 
will be used synonymously to designate the auditory organ, so-called, of Crustacea. 
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To throw more light on our knowledge of the vertebrate ear, com- 
parative study of the (perhaps) analogous organ found among inverte- 
brates may be of great practical value. For by such comparative 
study zoologists have been enabled to solve many perplexing questions 
which might otherwise have proved too difficult for solution. 

The present study was undertaken with this practical bearing of the 
subject in mind, and with the hope that by the aid of modem neurologi- 
cal technique it would be possible to go deeper into many undecided 
questions than Hensen could. 

The work is necessarily twofold in its scope, owing to the inseparable 
nature of the morphology and physiology of the auditory organ. We 
have, first, to obtain more accurate knowledge concerning the stnicture, 
innervation, and development of the decapod otocyst. lo doing this 
especial attention must be given to the innervation, which must be com- 
pared with that of other sense organs in decapods. And, secondly, 
we must determine from evidence obtained by others in the past, and 
from additional physiological experiment, whether we are justified in 
ascribing a true auditory function to this much discussed apparatus. 



PART L — MORPHOLOGY. 

A. HISTORICAL SURVEY. 

Althougb the literature up to Hensen's time is well summarized by 
bim, yet it may be worth the while to take a glance at what has been 
done, touching upon only the more important works, however, as a fairly 
complete list of authors is appended in the Bibliography. 

The earliest notice of an ear in Crustacea is that of Minasi, a Domini- 
can monk, who in 1775 attributed the sense of hearing to Pagurus, the 
hermit crab, and described as the auditory apparatus what is now known 
as the green gland or excretory organ of decapods. The organ supposed 
to subserve the function of hearing was thus from the very first mis- 
placed, and its identity was in doubt even up to the time of H£U;kel 
C57) and Leydig ('57), who were the first to rectify the erroneous ideas 
vhich existed in regard to the functions of the green gland and the 
otocyst. 

The true sacs were, however, discovered and described as early as 
1811 by Rosenthal ('11). He mentions the cavity, its opening, and 
nerve; but it was left for Treviranus ('02-*22, Bd. 6, pp. 308-310) to 
diBcover the sand, or otoliths, present in the otic chamber. 



Digitized by CjOOQ IC 



170 BULLETIN: MUSEUM OF OOMPABATIVE ZOOLOGY. 

The first good description of the organ, accompanied by figures, was 
given by the Englishman Farre ('43), who carefully dissected the 
otocysts of the crayfish (Astacus fluviatalis), the European lobster 
(Astacus marinus), the hermit crab (Pagurus), and the rock lobster 
(Palinurus quadricomis). 

The organs were found by Farre to be situated in the basal segment 
of the inner antennae (antennules), the thin dorsal membrane of whioh 
in A. marinus he compared to the fenestra ovalis of the vertebrate ear. 
The openings of the sacs were always found to be large enough to admit 
the otoliths, which rest upon auditory bristles. The otoliths were, he 
maintained, merely grains of sand. The auditory bristles were briefly 
described, and their semi«<sircular arrangement noted ; a nerve was 
traced from the brain to the ventral surface of the otocyst, where it 
formed a plexus. In Farre^s opinion separate fibres probably supplied 
the bases of the different hairs. While the otocysts of the lobster, 
crayfish, and hermit crab were of relatively large size, nearly filling the 
basal segment of the antennule, their openings were very small and 
well guarded by a '' chevaux de frise " of bristles. In Palinurus the 
organ was apparently degenerate ; the sac small, shallow, with very large 
opening, and the auditory hairs sparse and irregularly arranged. The 
otoliths were of large size and few in number. The whole apparatus 
was held by Farre to be a delicately modified tactile organ, and he 
doubted if a tnie auditory function could be ascribed to it. 

During the next twenty-five years otocysts were discovered and ex- 
amined in various decapods by Souleyet ('43), Von Siebold (*44, '48), 
Leuckart ^53, '59), Frey und Leuckart C47), Huxley ('51), Leydig ('55, 
'57, '60), Bate ('55, '58), Hensen (^63), Sars ('67), and Lemoine C68). 
Leuckart und Frey ('47) briefly described the sacs which they found in 
the endopod of the last abdominal appendages of Mysis, mentioning 
the otolith and auditory hairs. 

Leuckart (*53) made a comparative study of the otocysts in many 
crustacean forms. He divided them into two groups : — Those having 
(1) closed sacs with one otolith, and (2) open sacs with many otoliths. 
Leuckart's general descriptions agree with those of Farre. 

Kroyer ('59) devotes a few pages of his monograph on Sergestes to 
a comparative account of this organ in different Crustacea. He follows 
Leuckart's method of grouping. To the first type (closed sacs, and one 
otolith) belong such forms as Lucifer, Sergestes, Mysis, and Phyllosoma. 
In the second group (open sacs and many otoliths) are placed Homarus, 
Astacus, and Palinurus. In the opinion of Kroyer, Farre erred in con- 
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aidering the otoliths simply particles of sand ; for sometimes the sacs 
are dosed, and again the openings are often too small to admit the 
passage of the otoliths from the exterior. They must be, then, deposits 
of ealciam carbonate secreted by the animals themselves. 

Hensen's ('63) account of the otocyst is far more complete than any 
othei; and a fiiirly extensive review of his paper is necessary for the 
sake of later comparisons. He worked mostly with freshly collected 
animals, although some twenty-four species were studied from alcoholic 
material. His principal methods were dissection and maceration, some 
few crude sections, however, being made. The paper is divided into an 
anatomical and a physiological part The latter portion will be re- 
viewed, abng with other papers of a similar nature, in Part II of this 
paper. 

The elementary parts of the typical auditory organ are described by 
Hensen ('63, p. 326) thus : ** Der Gehdrapparat der hdheren Krebse 
besteht nun, kurz gesagt, darin, dass, von der Endganglie eines Nerven 
ein feiner Faden in ein Chitinhaar hineintritt, und an einen eigen- 
thttmlioh gebildeten Theil der Haarwand sich festsetzt Diese Haar- 
wand ist so locker mit der Schalenhaut verbunden, dass sie bei 
entsprechenden Tdnen recht bedeuteude Schwingungen yollfUhren kann 
und vollf)ihrt Das Haar selbst geht zuweilen noch in oder zwischen 
Steine hinein.'' 

Crustacea he divides into four classes according to the condition of 
otocyst and otoliths : — 

1. Sacs dosed, with one otolith : example, Mysis. 

2. Sacs closed, without an otolith : all Brachiura. 

3. Sacs open, many otoliths : Astacus, Palfemon. 

4. No sac nor otoliths, but free auditory hairs. 

Otoliths. In confirmation of Farre it was found that the otoliths of 
decapods having open ear sacs were mainly composed of grains of sand. 
This was proved by chemical tests, and by keeping newly moulted 
animals (PalsBmon) in filtered water to which uric acid crystals had 
been added. Examination of the otocysts some time after moulting 
showed the presence of these crystals in the sac. In larger forms, such 
as the lobster and crayfish, the sand particles are spread over the whole 
basal sut&ce of the ear sac. In shrimps and prawns they are more 
closely aggregated. The single otolith found in Mysis flexuosus is 
described at length, but as this account has been corrected by Bethe 
('95), it will be referred to later in connection with Bethe's work. 

The Otocyst (Horblase of Hensen) is described in general as a round- 
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ish or ovoid cavity, lined with chitin ; the opening, if any, is always 
dorsal, and varies greatly in size. It is found in the basal segment of 
the first antennae of all decapods, and in the endopod of the sixth or last 
abdominal appendage of the schizopods. The sac is closed in the Bra- 
chiura and Schizopoda, but open in most Macrura. The otocysts of 
Crangon, Pakemon, Hippolyte, Mysis, and Carcinus maenas are described 
in more detail, but no good figures or sections are given. 

Auditory Bairs or Bristles. Hensen gives the first and only good 
description of these* They differ from common tactile hairs in that the 
hair shaft is not directly connected with the wall of the sac, but a thin 
chitinous membrane intervenes, forming a small hollow sphere. It is 
this " spherical membrane '' which allows the great freedom of move- 
ment necessary for the shaft in its response to sound vibrations. A 
peculiar process, the ^'lingula/' projects from the inner wall of the base 
of the shaft into the spherical membrane, and to this the nerve fibre is 
attached. The hair shaft is generally plumed, as in tactile hairs, with 
delicate chitinous filaments. 

In A. marinus the hairs are plumed and are nearly one millimetre in 
length. They are here very numerous, 468 having been counted in one 
case, and are arranged on the floor of the otocyst in four parallel semi- 
circular rows. 

A. fluviatalis has a much smaller number of hairs, but the same general 
arrangement ; Crangon, a row of only seven or eight ; these are more 
attenuate than in either of the above forms, but are 0.75 mm. in length. 

PalsBmon antennarius has about 40 hairs, arranged in a half-oval or 
horseshoe shape, the break in the oval being posterior. The hairs them- 
selves are peculiar in having their shafts bent at a sharp angle. The 
portion of the shaft above the bend is much longer and more attenuate 
than the basal part, and is also heavily plumed. These plumed ends 
project toward the centre of the horseshoe, and intertwine. Their length 
is about 100 ^ and then: greatest diameter 3.8 /i. The hairs of Hippolyte 
and Mysis strongly resemble those of Palaemon, but they are embedded 
in the single otolith and are therefore unplumed. 

Carcinus msnas has about three hundred auditory hairs. They are 
grouped into three classes : — I. Hook hairs (Hakenhaare) : the shaft 
hooked and with a plumed tip, about thirty in number, 50 fi long, similar 
to the otolith hairs of Macrura. 2. Thread hairs (Fadenhaare) : long, 
filamentous, plumed at very tip, a single row of about 46, each 338 ft 
long, 3 ^ in diameter. 3. Tuft hairs (Gruppenhaare) : short, blunt, and 
unplumed, about 200 in number, occurring in a single large group. 
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Hensen also found on the appendages of some decapods free hairs 
which closely resembled auditory bristles, and are described as such by 
him. Crangon especially, which has few hairs in the otocyst, is supplied 
with many of these so-called ''free auditory hairs." They are also 
numerous in Mysis and Palsmon. 

Innervation of the Otocyst. In Palsemon Hensen traced the nerve of 
the first antenna from the brain. A lai^e branch of this nerve runs to 
the ventral side of the otocyst, where the fibres separate, each enlarging 
into a ganglionic cell and then proceeding to the base of a hair. Each 
of these terminal fibres (** Chordse " according to Hensen) then enters 
the pore beneath a hair, passes through the spherical membrane to the 
lingala, or process from the base of the hair shaft, and makes itself fast 
to this. In his own words (Hensen, '63, p. 368): '' Dieser eigenthtim- 
liche Faden, den wir als Chorda bezeichnen, lauft eine kiirzere oder 
langere Strecke weit bis zu einem Horhaare hinfort, und geht durch die 
Mitte des Porenkanals und der Haarkugel bis zur Lingula hin, an die er 
sich festsetzt." Essentially the same conditions were found by Hensen 
in Carcinus msenas and in Mysis. He also found nerve fibres supplying 
the tactile bristles which are present on all parts of the decapod body. 

Formation of New Hairs (Haarwechsel). New hairs are not formed 
inside the old, but beneath the chitinous wall ; and instead of developing 
from a single matrix cell, as was supposed, Hensen found that each was 
the product of a great number of cells. A new layer of chitin is 
formed beneath the old, and under this new layer, but continuous with 
it, the new hairs are formed as double-walled (i. e. invaginated) tubes. 
The new chitin wall is compared to the hand of a glove. If the 
fingers of the glove be turned partially outside in, so as to leave only 
their tips projecting, the condition would represent that of the hair 
tubes just before the moulting of the old shell. The tips of the newly 
formed hairs become attached to the shaft of the old hair, into which 
they project some distance, and as the latter are detached at ecdysis, 
the new hairs are pulled out. Nerve fibres were found running into the 
very tips of the new hairs. Hensen's theory is, that at moulting, the 
old nerve fibre, becoming more highly refractive and resembling chitin, 
is, upon the detachment of the old hair, drawn out through the apex of 
the new one, and that before this event a new fibre is formed. This 
theory, however, is not easily reconcilable with his statement that the 
nerve fibres attach themselves to the lingula at the base of the hair shaft. 

The remainder of this part of his paper is devoted to brief descriptions 
of the otocyst as found in some twenty-four different species of Crustacea. 
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To this is added a table, embracing all the forms which have been stud- 
ied, giving the names of the different investigators, and the conditions, 
as to number and size, of both the auditory hairs proper (Otolitben- 
haare) and the ''free auditory hairs " found on the antennsB and abdomi- 
nal appendages. 

Leraoine ('68) compares the otocyst of the lobster with that of the 
crayfish. His descriptions are similar to those of Farre ('43), but his 
figures are poor. The thin dorsal wall of the basal segment of the first 
antenna, which covers the ear sac, he calls the tympanic membrane of 
the lobster. The opening of the sac is overlooked, and the otocyst de» 
scribed as closed. Thus, as the otoliths cannot come from without, 
Lemoine's theory is that they are exfoliations from the calcified walls of 
the sac, — an absurdly impossible assumption, as the thin chitinous walls 
of the otocyst are not calcified. In the case of the crayfish, he notes 
nothing new except that there is a membrane at the base of each hair 
shaft, separating its cavity from that of the spherical enlargement on 
which the shaft stands. This membrane acts as an ear dnmi, taking the 
place of the large tympanic membrane described for the lobster. 

Grarbini ('80) discusses very briefly and incompletely the sense organs 
of Palsemonetes varians. The figures of the otocyst are extremely crude 
considering the date of the work, and simply confirm the conditions found 
by Hensen in Palsemon. 

Vom Eath ('87, '88, '91, '94) does not make the sharp distinction 
between auditory and tactile hairs that Hensen does, holding that the 
two kinds grade insensibly into each other, the auditoty hairs being 
simply slightly modified tactile organs. All sensory bristles of Crustacea 
can be divided into two chief groups : — 

(1) Tactile or auditory hairs, with long, plumed shaft, the base of 
which is attached to the body wall by a delicate membrane of chitin, 
often spherical in form. Differentiation is thus towards freedom of 
movement in response to tactile or vibratile stimuli ; (2) taste or olfac- 
tory hairs, having a short blunt shaft, thick-walled at the base, but with 
either a small pore or thin permeable membrane at its distal end, by 
means of which chemical substances in solution can come into direct 
contact with the nerve endings. The nervous apparatus of these hairs 
is the same in both cases for all decapods. The sweeping statement is 
made, that beneath every sense hair there lies, either in the hypodermis, 
or removed some distance from it, a group of bipolar ganglion cells. From 
each of these cells a fibre is given off peripherally, and these, forming a 
strand, enter the base of the hair, ending only at its very tip. 
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Claus ('75, *91) agrees with Vom Rath as to the nerve ending, but 
maintains that there is only one ganglion cell sending its process through 
dL gnmp of matrix cells into the hair. A misunderstanding as to the 
relations of the ^nglion and matrix cells forms the basis of several con- 
troversial papers. 

Retzius C90, '92, '95) concludes in his last paper ('95) that there may 
be several ganglion cells to a single sensory hair. The number may 
indeed vary from one to many. He was unable by any method to trace 
the peripheral nerve fibres further than the base of the hairs. Kerve 
endings, which he described in his first paper ('90) as extending into the 
hair shaft, he afterwards ('92) frankly acknowledges to be artifacts. 

Bethe (^95*), in his admirable little paper on the otocysts of Mysis, 
clears up by modem methods many points, and corrects some of 
Hensen's erroneous descriptions. • The sac in Mysis is ellipsoidal, and 
pointed posteriorly, while from its floor rises a sensory cushion bearing 
the hairs. This cushion is tilted outwards and ventralwards 45°, the 
right and left cushions thus being perpendicular to each other. The sac 
is open, not closed as described by Hensen; the narrow aperture is con* 
cealed by the overlapping walls of the otocyst Borne on the sensory 
hairs is the large otolith, oval as seen from above, kidney-shaped 
in side view; its greatest diameter 0.3 mm., the other dimensions 
heing 0.25 mm. and 0.15 mm. It is composed of a more or less 
oiganic core, about which concentric layers of calcium fluoride are 
deposited. The tips of the sensory hairs are embedded in this inor- 
ganic layer, and penetrate to the core of the otolith. The layers of 
calcium fluoride are probably deposited from the sea water. The sixty 
sensory hairs are arranged in a single row, so as to form two thirds of 
a circle, the break in the line being posterior and toward the median 
plane of the animal. At one end of the curve five hairs are grouped 
together, and at the other end there is an irregular double row. 
Though much like the auditory hairs of Palsemon, their tips, em- 
bedded in the otolith, are unplumed. Only one ganglion cell to a hair 
was found, sending a distal process into the base of each shaft. A 
double row of matrix cells lies just beneath the single row of hairs, 
and could easily be mistaken for ganglion cells. Vom Eath may have 
made this mistake, thus getting a multiganglion-celled condition for each 
hair. 

The otocyst begins to develop before the appendage is fully formed. 
Au invagination of the dorsal ectoderm takes place, producing a shallow 
depression ; this enlai^es while the opening gradually closes. Certain 
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of the hypodermis cells elongate to form the matrix cells which later 
produce auditory hairs. The latter are formed only after hatching. 

Herrick (*95) mentions the auditory organ only in connection with 
the development of the lobster. The otocyst becomes prominent at 
the third larval stage, appearing as a shallow depression bordered with 
short set8B and containing a few grains of sand. The depression gradu- 
ally enlarges, forming in the fifth stage a sac, the aperture of which 
decreases in size with successive moults, until the adult condition is 
attained. 

Bethe ^95, '97) has traced the auditory fibres of Carcinus maenas 
centrally to the neuropil of the first antenna, where they end in 
delicate fibrillations. Some of these fibres may also end in the 
globulus. 

From this review of the literature, it is seen that little has been done 
on the finer anatomy of the otocyst. Hensen's work, once considered 
exhaustive, will not suffice at the present time. The organ of Brachyura 
has not been touched upon since Hensen's dissections, while our knowl- 
edge as to the innervation of the different sensory hairs of Crustacea is 
left in a very hazy, confused state, since the exact condition of the 
peripheral endings is not firmly established, Glaus, Yom Rath, Eetzius, 
and Bethe each holding different views. The question remains un- 
settled as to whether the manner of innervation is the same for all 
the sensory hairs. G. H. Parker ('90) has clearly shown that the optic 
nerve in Crustacea is highly differentiated ; but all the other sense organs 
have, according to Yom Rath, the same manner of innervation, even 
though they differ in function as much as the so-called auditory and 
olfactory bristles. 

All the investigators of the crustacean otocyst, Bethe alone ex- 
cepted, carried on their work under the impression that they were 
dealing with an auditory organ. This certainly prejudiced them in 
drawing conclusions. But for this, Hensen would never have likened 
the thickened wall of the crab's otocysts to the malleus of the verte- 
brate ear, nor made other far-fetched comparisons. A comparative 
study of the innervation of the otocyst, especially if supplemented 
by that of the olfactory and tactile bristles and the conditions in 
embryonic stages, cannot fail to clear up some of these questionable 
points. ' 
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B. OBSERVATIONS. 

In the account of the morphology of the otocjst, two types will be 
taken for description : — 

(1) Open otocyUs containing otoliths (macruran decapods) ; the 
example will be Palsemonetes vulgaris Stimpson, The otocysts of 
the crayfish Cambarus affinis (Say) Girard, and of the prawn Crangou 
vulgaris Say, will be described in only sufficient detail to allow of 
comparison with Palsmonetes, and to correct any errors or omissions 
in the descriptions of other investigators. 

(2) Closed otocysts tvithotU otoliths (brachyuran decapods); the sac 
of the green crab, Carcinus niaenas Lin., will be taken as the example 
of this type. 

For tracing out the development of the macruran otocyst (1), young 
lobsters were used instead of Palasmonetes larvae, as it is difficult to 
obtain a complete series of the latter, and their small size makes them 
by no means favorable material for studying the embryology of the 
sac. Young lobsters, however, can be had in abundance during the 
hatching season, and are of large size; the otocyst is of the same 
general type as that of Palsemonetes. The development of the closed 
otocyst (2) was traced out in the crab for the sake of comparison with 
the macruran type of sac. 

The research represented in this paper was carried on at the sug- 
gestion of Dr. £. L. Mark, to whom I wish here to express my thanks 
for Jiis constant kindness, su^estive direction, and able criticism. I 
am also indebted for valuable supervision and helpful suggestions to 
Dr. G. H. Parker, who directed my work for one year during the 
absence of Dr. Mark. 

1. Material. 

Large numbers of Palaemonetes were obtained from the Charles 
River, Cambridge, at low tide. These river animals live well in either 
salt or fresh water, and may be kept in aquaria without running water 
for an indefinite period. Being so hardy, and at the same time free 
swimmers, they are eminently adapted for intra vitam stains, and 
for physiological experimentation. 

Carcinus msenas was abundant in the soft-shelled condition, at Hadley 
Harbor, Naushon Id., during the months of June and July. The head 
of Great Harbor, Wood's Hole, was another good collecting ground. 
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Many soft-shelled animab were obtained by keeping young orabs in 
aquaria, and feeding them freely until ecdysis took place. 

Lobster larvss were hatched at the U. S. Fish Commission Station, 
Wood's Hole, during June and July. They were reared, but with 
great difficulty, up to the eighth moult. Fed on minced crab's litrer 
they throve well ; but unfortunately they also fed indiscriminately on 
each other. 

Crangon was found in large numbers in the muddy bottom of the 
Charles River; crayfish were bought in the New York^ity markets. 

2. Methods. 

In sectioning, great difficulty was experienced, both on account of 
the thickness of the chitin, which was often calcified, and because of 
the siliceous otoliths, so numerous in the sacs of Macrura, and glued by 
secretions to the haur tips. As the otoliths are insoluble in acids strong 
enough to completely destroy organic tissues, the only successful 
remedy was to remove them mechanically. This was beet accomplished 
by washing them out by a stream of water blown into the sac. The 
apparatus for this consisted of a short piece of small rubber tubing into 
one end of which was inserted a glass tube drawn out to a fine point. 
The other end of the tubing being held in the mouth, and the capillary 
tube inserted into the aperture of the otocyst, a stream of water was 
driven into the cavity of the sac with considerable force. The larger 
otoliths having been washed out in this way, fairly good sections could 
be cut. 

tn the crab, the difficulty in cutting the very thick calcified chitin 
was obviated by using soft-shelled animals. The chitin is at this stage 
very thin, uncalcified, and therefore more readily sectioned. Lobster 
and crayfish antennules were decalcified by placing them in Gilson's 
fluid for twenty-four hours^ or in Vom Bath's platinic-osmic fixative 
for a week or ten days. 

Of the many fixing reagents used, (1) Vom Bath's platinic-osmo-picro- 
acetic mixture, (2) his corrosive-picro-acetio fluid, and (3) corrosive 
sublimate plus 1 % acetic acid gave the best results and in the order named. 
The last two were followed by staining in iron haematoxylin, which 
gave a clear definite stain of sections as thick as 20 /i. The platinic- 
chloride fixative of Vom Rath was used for from three to five days, either 
followed or not by treatment with pyroligneous acid. In Palsemonetes 
and Crangon a fine differentiation of fibre tracts was obtained by using 
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the fixative alone for three to five days, and washmg out for at least two 
weeks ta 90 % alcohol. The myelin sheath was intensely blackened, 
while all other tissues renuiined a yellowish brown. 

For tracing nerve fibres, both to peripheral and central endings, intra 
vitaan staining proved of most value. Different methods were employed 
£[>r obtaining peripheral and central stains. A one per cent solution of 
methylen blue in normal NaCl was injected into the body in either case. 

For peripheral endings several injections were made into the abdomi- 
nal blood space, at intervals of thirty minutes. When the animals 
showed signs of stupefaction, a final injection was introduced into 
the pericardial chamber. The amount of solution injected varied 
from a few drops, in Palaemonetes, to five cubic centimetres, 
in the lobster. In from 15 to 30 minutes after the final injection 
the animals were usually dead. The part to be studied was then dis- 
sected out, barely covered with normal salt solution, and examined from 
time to time under the microscope, until a satis&ctory degree of stain- 
ing had been reached. 

For central terminations one injection only was made, and this 
directly into the chamber of the heart, only a few drops of the solu- 
tion being required. When the blue color was well diffused throughout 
the tissues (about one hour after injection), the brain was dissected out, 
or exposed, and examined as before. For fixation of the stain Bethe's 
ammonium-molybdate method for invertebrates was used. It was found 
to be better to leave preparations in xylol for only the shortest possible 
time, as this reagent diffuses the color. Preparations fixed by this 
method keep very well for a year or more, but after this they ultimately 
deteriorate, fibres originally sharp and continuous in outline becoming 
mere dotted lines, while the surrounding tissues take on a deep yellow 
hue. When both brain and otocyst were examined together, the peri- 
pheral cells and fibres stained first, then central fibres, central termina- 
tions, and ganglion cells of the brain in the order ttsmed. Sections 
60-120 fi in thickness were cut, but by far the greater number of pre- 
parations were examined in toto. The transparency of the tissues made 
this possible even with the brains, a millimetre or more in thickness, of 
large crayfish. 

To get constantly complete impregnations of both peripheral and cen- 
tral endings, it is necessary to expose to the atmosphere the part to 
be studied. The iatpr^^tion then takes place sooner, lasts longer, 
aud affects a Isfger number of elements. The fixation of the color is 
also much better in this case, because the fluid can penetrate much more 



Digitized by CjOOQ IC 



180 bulletin: museum of comparative zoology. 

readily, and on the rapidity of its penetration depends, in a large meas- 
ure, the success of fixation. Gold-chloride and Golgi preparations were 
useful only for supplementing and controlling the results obtained by 
methylen blue. Both the rapid and slow processes for silver iropr^na- 
tions gave fairly good preparations, but by no means as complete or 
constant results as methylen blue. Ranvier's gold-chloride method^ 
in which formic acid is used for reduction, was very uncertain in its 
action on nervous tissue, but was quite useful in bringing out fine cell 
processes in the sensory hairs. 

3. Structure cmd Development. 
I. Pal^monbtes vulgaris Stimpson. 

1. Structure of the Otocyst* 

a. Sac. This is situated, as in all decapods except the Mysidse, in 
the basal segment of the antennule, nearly filling its cavity. Its out* 
liue as seen from above (Plate 1, Fig. 1) is nearly ovate, being well 
rounded posteriorly, though suddenly becoming pointed at its anterior 
end. In individuals of medium size (30 mm. long) its average dimen- 
sions are 0.66 mm. in length, 0.63 mm. in width, and 0.33 mm. in depth. 
In longitudinal section (Plate 1, Fig. 4) its outline is somewhat kidney- 
shaped, its length being about twice its depth, and its ventral wall 
projecting into the lumen. Transverse sections through the basal 
portion of the antennule (Figs. 2, 3) show that the lumen of the otocyst 
is from one half to two thirds as wide as the antennule at this point. 
The chitinous wall of the sac, which is extremely thin, is continuous 
with that of the antennule (Fig. 3). The hypodermal cells form a 
single layer, except in the sensory region of the sac, where they are 
elongate and several layers thick. Median to the otocyst passes the 
antennular nerve, the cut end of which is shown at n. at. i (Plate 1, 
Fig. 2), and directly below it lies the large muscle of the s^ment 
Otoliths occupy the median and posterior portion of the lumen, and 
nearly conceal from view the sensory hairs (Fig. 3, set, ot,). In para- 
sagittal sections (Fig. 4) is to be noticed the close proximity of the 
brain (n' pit, opt.), which is not more than 0.22 mm. posterior to the 
sac, and projects somewhat into the base of the antennule ; the sensory 
cushion, or prominence (crs, sns.), bearing the stumps of a few severed 
hairs, is also to be seen. 

The long axis of the otocyst is not coincident with that of the anten- 
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nnle (Fig. 1), as its anterior end is more lateral in position than the 
posterior. The external aperture has the form of a pointed ellipse and 
penetrates the dorsal wall of the antennule ; it is nearly as loug as the 
sac itself, but does not extend quite as far back as the sac It was 
described by some of the early writers as a longitudinal slit, by others as 
transverse ; but, as Henaen points out, it is neither : its direction is 
oblique, and corresponds to that of the long axis of the otocyst. The 
opening is completely covered over by a thin fold of chitin (Figs. 1 , 3, 
tet.), which extends forward and laterad to end in a sharp projection or 
spine. This lid-like fold (tectum) must be lifted or cut away in order to 
come directly at the opening of the otocyst. Figure 3 shows the position 
and form of the lid in transverse section, and how closely it fits over 
the aperture of the otocyst, while its forward projection over the an- 
terior lip of the slit can be seen in Figure 5 (Plate 2) at tct. As the 
chitinous lining of the otocyst is of ectodermal origin, like all other 
chitinous parts, it is cast off at each ecdysis, with all it contains, and a 
newly secreted sac takes its place. 

b. The seruory etuhion of the otocyst is produced by an elevation of 
the median and posterior portion of the floor of the sac, which projects 
into the lumen and gives a somewhat constricted appearance to the cyst 
in sagittal sections. The surfisice of the cushion, which is about 0.25 mm. 
in diameter, is not horizontal, but slants downward from the median 
side of the sac to its lateral wall at an angle of nearly 45° (Plate 1, 
Fig. 3). This makes the sensory cushions of the right and left sides per- 
pendicular to each other, a condition similar to that described for Mysis 
by Bethe ('95*, p. 556), and of some physiological importance. The 
sensory hairs are borne on the sensory cushion, and for this reason 
the prominence has been compared to the cn8t€e (xcustias of vertebrates. 
The hairs, or bristles (for both names are applied to them), vary from 
forty-five to fifty-eight in number, and are arranged in a curved horse- 
shoe-like row (Plate 1, Fig. 1), the two ends of which are directed 
obliquely caudad and mediad. Largest at the inner end of the curve, 
and arranged in a single row, they grow gradually smaller toward 
the other end of the series, where an irregular double line is formed. 
Fig. 6 (Plate 2), a transverse section through the posterior ends of the 
horseshoe shows the base of a single hair on the right or median side, 
while at the left or lateral end two bristles are seen, the lateral row 
being double. 

Directly beneath the hairs we find, instead of the usual layer of 
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hjpodermal cells, groups of cells with elongated nuclei ; these send 
their processes into the bases of the bristles (Plate 2, Figs. 6,7). They 
are the matrix cells, which nourish the hair and, as we shall see later, 
have to do with its formation. The central region beneath the cushion 
is occupied posteriorly by the ganglion cells of the otocyst nerve (Plate 
2, Fig. 6, cL gn.), and anteriorly by their peripheral fibres. 

c. Structure of hairs. The hairs of the otocyst are peculiarly modi- 
fied. Instead of being straight, as in tactile hairs, the shaft is here bent 
out of its course about 120°, so that its distal portion makes a sharp 
angle with the proximal end (Plate 2, Fig. 8). The shaft is very long 
in comparison with its diameter, being from 160^ to 200^ in length, 
while only 3 to 6 /« in diameter at the base. The part of it above the 
bend becomes extremely attenuate, and is heavily fringed with long deli- 
cate projections (pinnules), which give it the appearance of a plume. 
These fine feathery tips, which always project toward the concave side 
of the horseshoe formed by their bases, are crisscrossed and tangled to- 
gether in such a way as to form a wickerlike mesh, on which the majority 
of the otoliths rest (Plate 1, Fig. 3). The hairs are not attached firmly 
or immovably to the wall of the sensory cushion, but an exceedingly 
thin-walled chitinous bulb intervenes between the shaft and the wall of 
the sac. This, the spherical membrane of Hensen, is from 6 to 1 2 /n in 
diameter, and allows the shaft, itself comparatively rigid, to sway freely 
on its base, as if articulated there (Plate 2, Fig. 8, mh, sph,), 

d. The formation of hairs haa already been described by Hensen 
(*63, p. 374) in some detail The conditions just before ecdysis were 
figured, but the earlier stages were not given ; so a few supplementary 
facts may be added here. Braun (*75) verified Hensen 's account of 
Haanaechsel in the bristles of Astacus, and himself discovered some 
new details. 

As before stated, each sensory hair is produced by a number of 
matrix cells, which send their processes into the shaft. In newly formed 
hairs, these protoplasmic processes extend to the very tip of the hair 
cavity (Plate 2, Fig. 7). In preparation for the next moult they are 
withdrawn nearly to the base of the hair, leaving the greater part of the 
hair cavity empty (Plate 2, Fig. 9). At the same tim^ the matrix cells 
from which these processes are given off sink deeper into the tissue, below 
the level of the hypoderrois, and with other chitinogenous cells originat- 
ing in the hypodermis, arrange themselves about the nerve fibre of the 
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old bristle for the purpose of forming the new hair (Fig. 9, cL ma,). 
This aggregation of cells is similar to the papilla described by Braun, 
but they are by no means as regular in outline and arrangement as 
those figured by him. In Palssmonetes this condition of the matrix 
cells exists for several weeks before ecdysis takes place, the new hairs 
being formed during this period. In adult lobsters and crayfish the 
time is probably much longer, whereas in larvsB it lasts but a few days. 
The chitin of the new hair shaft is secreted pari passu with that of the 
test, so that the two are continuous, but the hew hair is beneath the 
shell, in the region where the matrix cells have formed the papilla. It 
is secreted as a double tube, the distal end of the inner part of which 
projects, as the tip of the new hair, into the base of the old one. 
Figure 10 (Plate 3) shows the condition of affairs just before ecdysis in 
the endopod of the third abdominal appendage ; eta. being the old test, 
da. the new one formed beneath it. Three newly formed hairs are seen 
as double tubes located deep in the appendage. The walls of the two 
tubes are continuous with each other at their lower or proximal ends, 
and the tip of the inner tube projects distally into the shaft of the old 
hair. This inner tube, the tip of the new hair, must be secreted by the 
delicate processes from the matrix cells which still extend up into the 
old hair during the period of hair formation. The outer tube, though 
continuous at its lower end with the inner, is secreted by two parallel 
rows of matrix cells, very similar to the chitinogenous cells of the hypo- 
dermis, and probably derived from them. Hensen ('63, p. 875) has well 
described this condition of the new hairs as resembling that of the finger 
of a glove turned partially inside out, the tips alone projecting. The tip 
of the new hair is embedded in a viscous, homogeneous substance, which 
is formed between the old and the new tests, either by glandular secre- 
tion of other cells or by the chitinogenous cells themselves. This 
substance probably corresponds to the homogeneous non-cellular mem- 
brane found by Herrick between the shells of the lobster ('95, p. 87). 
When the old test is shed, it adheres to the fine plumes of the new hair 
tip, and aided by the internal blood pressure (very considerable at the 
moulting period), draws the recently formed hair out into its functional 
position, just as one would draw out the invagiuated finger of a glove by 
pulling on its tip. The chitin of the shaft is very soft and pliable at 
this time, allowing the hairs to be turned right side out with ease ; 
indeed, this may be done artificially. But if by some accident at the 
time of ecdysis any of the hairs are not at once fully drawn out, the 
chitin hardens and they are fixed in their abnormal position. 
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Aside from its general interest, this peculiar method of forming the 
new hair is very important^ as throwing light on the peripheral endings 
of the nerve fibres in the sensory hairs. By it certain conditions may 
be explained. At each moult the nerve fibres lose their connection 
with the old hairs, and come into relation with new ones. How these 
changes are brought about can best be described in connection with the 
innervation of the otocyst. 

e. Hie Otoliths are borne in a rather compact mass upon the inter- 
laced tips of the sensory hairs (Plate 1, Fig. 3, ot^lth). They consist of 
irregular grains of sand mingled with other fine mineral particles and 
organic detritus. The largest measure from 8 to 12 /i in longest dimen- 
sion. That the greater part of them are siliceous is shown by their 
insolubility in strong sulphuric acid, and by the fact that they scratch 
glass when crushed upon it. They are renewed after each moult, 
for the freshly formed sac is at first without them. New otoliths are 
pushed in by means of the chelae through the aperture of the sac 
while its walls are yet so soft and flexible as to admit quite large grains 
of sand. By watching animals soon after moulting it can be observed 
that they stir up the sand at the bottom of the aquarium in which they 
are confined ; as soon as some particles have come to rest upon the 
dorsal side of the antennule, one or both chelae are raised, and by their 
tips the grains of sand are pushed back under the protecting lid of the 
opening into the otocyst. Otocysts from which most of the sand parti- 
cles had been carefully removed by forcing a jet of water into the sac 
were found after a lapse of two days to contain otoliths derived from 
iron filings which had been strewn on the bottom of the aquarium. The 
otoliths are often entangled in the feathery plumes of the auditory hairs, 
and are in this case attached to them by an organic substance, which is 
probably secreted by unicellular glands situated beneath the floor of the 
sac. Ko multicellular glands, such as are found in the lobster and cn^- 
fish, could be detected beneath the otocyst of Palsdmonetes. Very 
minute canals, which are probably the ducts of gland cells, were found 
running through the chitin wall and some distance into the tissues 
beneath ; they were very clearly brought out, and their tubular condi- 
tion proved beyond a doubt, in silver preparations, and in those made 
with lead formate ; but unfortunately their connection with gland cells 
could not be demonstrated. The functions of the otolith and the 
part it plays in audition, or equilibration, will be discussed in the 
experimental portion of this paper. 
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2. Innervation of the Otocyst 

As already noted, the brain, or supraroesophageal ganglion, is less 
than a quarter of a millimetre distant from the ear sac. The nerve 
supplying the hairs of the otocyst is thus comparatively short, and can 
be traced in a single section from the central to the sensory termination. 
Figures 4 and 12 (Plates 1, 3) show its general course after leaving the 
brain. Its sensory ganglion lies directly beneath the posterior end of the 
aac. The nuclei of the nerve cells of the ganglion are situated about 
0.25 mm. back of the hairs which they innervate, grouped irregularly 
together ; the peripheral fibres of the cells run somewhat parallel to one 
another, then spread out radially to the different hairs of the circle which 
they supply (Plate 3, Fig. \2yfhr. pCph.). 

There are three questionable points to be settled in regard to the 
muenration of the otocyst, and the same is true for the sensory bristles 
of decapod Crustacea in general. 

a. Is each hair supplied by one nerve fibre and sensory cell, or by 
manyl 

&. How do the peripheral fibres terminate Y Do they attach them- 
selves to a sense cell, or to some part of the hair, or do they end free ? 
If this latter be the condition, does the fibre terminate at the base of the 
hair, or at its very tip 1 

c. Where do the fibres end in the central nerve organ, and how ? 

For the determination of these questions, it is important to compare 
the conditions found in all kinds of sensory bristles. Because different 
types of hairs have been used in various Crustacea for the study of the 
nerve terminations, and this difference in kind of material employed by 
varions investigators may account for the very diverse conclusions they 
have drawn. 

All sensory bristles of decapod Crustacea can be divided into two 
general types : 

(1) Tactile bristles (Plate 2, Fig. 8) have typically a long, straight, 
plumed, attenuate shaft, attached at the base by a thin spherical en- 
largement, which allows great freedom of movement. 

Auditory hairs, so called, are merely modifications of these, for all 
gradations between the two exist. Tactile hairs are found on nearly all 
the appendages, and on some parts of the body. 

(2) Olfactory bristles (Plate 4, Fig. 13, set. olf, and Fig. U) are short, 
cylindrical, or slightly tapering, and firmly attached as compared with 
tactile hairs, there being no marked basal enlargement. At the tip, the 
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chitin is either pierced by a pore, or eads in a tbiD permeable membrane, 
which allows substances in solution to enter the cavity of the hair. If 
found on the first or second antennae, they are termed olfactory hairs ; 
when on the oral appendages, toute or gustatory bristles, though theur 
functions are probably the same. 

a, Number of Nerve Elements to a Single Bristle. Until 1891 it was 
supposed that only a single ganglion cell and fibre-process supplied each 
hair. Then Vom Rath ('91, p. 207) asserted, that beneath every sensory 
hair of crustaceans there is a large group of ganglion cells, each sending 
out a peripheral process, these converging and entering the base of the hair 
as a single large strand. This opinion he again expressed in 1894 for 
all arthropods. He did not study the innervation of the otocyst, but 
apparently confined his attention to the olfactory type of hair, as his 
figures are all of unfringed bristles. 

The number of elements supplying each hair of the otocyst can be 
determined by, first, counting the number of fibres in the auditory nerve, 
and the number of nerve cells connected with these fibres, and then, 
secondly, comparing the statistics thus obtained with the number of 
hairs in the otocyst. If there is but a single cell and fibre to a hair, 
these numbers should coincide, at least approximately. But if there are 
always numerous elements, as Vom Rath maintains, then the number of 
fibres and nerve cells should be many times that of the hairs. The 
number of fibres can be readily counted in a transverse section of the 
otocyst nerve stained mtensely with iron heematoxylin and only slightly 
decolorized. The ganglion cells can be enumerated in serial sections cut 
in the plane of the long axes of the cells, so that their characteristic size 
and bipolar condition (seen in Plate 2, Fig. 6) will readily distinguish 
them from the hypodermal or matrix cells. From many such counts, 
the number of nerve elements was found to be approximately equal to 
that of the hairs. For example, in one otocyst there were 55 hairs, 53 
fibres in the nerve supplying them, and 58 cells connected with these. 
The number of cells could not be determined with perfect accuracy, as 
some cells may have been halved in sectioning. Slight variations in the 
numbers, however, are not of great significance, as, in order to have even 
two nerve elements to a hair, the number of fibres or cells must be at 
least twice as large as that of the hairs. Moreover, the ganglion cells 
are always isolated, and each is surrounded by a separate sheath ; their 
fibres are also separated from each other. Neither cells nor fibres occur 
in groups surrounded by a common sheath as Vom Rath ('92) descrilies 
them. Jh the otocyst^ then, there is but one nerve element to each hair. 
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In the tactile hairs the same methods of procedure were followed ; and 
further evidence was obtained from methyleu-blue preparations. One 
of these is shown in Figure 1 1 (Plate 3). It will be observed at once 
froDQ this figure that there is only one cell and one fibre to each hair. 
But in other preparations of the same appendage (Plate 4, Fig. 14) from 
two to ten cells are found grouped together irregularly, and sending all 
their processes to the same bristle. When this was the case, it was 
always observed^ that the hair so supplied was of the shorty Idunt, fringeless 
type^ and so possibly not a tactile but an olfactory hair. 

So far, the evidence has been entirely against Vom Rath's statement; 
bat if we examine the innervation of the olfactory bristles, entirely differ- 
ent conditions will be found to exist, and in complete accord with his 
conclusions. 

On the inner flagellum of the first antenna of Palsemonetes numerous 
olfactory bristles are found, arranged in rows of four or live hairs each 
(Plate 4, Fig. 13). The nerve cells and fibres supplying these hairs 
stain beautifully with methylen blue. Only single elements at first 
appear, but if the stain is allowed to act for a longer period, nearly every 
cell and fibre will become impregnated. It can then be seen that a large 
number of elements supply each hair. The cells are packed so closely 
together as to make the counting of a group difficult, but many counts 
upon sections stained in hsematoxylin make it certain that more than a 
hundred cells may compose a single group, and supply a single olfactory 
hair. The cells send off each a peripheral fibre. These fibres enter the 
base of an olfactory hair as a single large strand, 12 to 15 /« in diameter. 
In Figure 13 only a few of the elements are shown ; the sheath, which 
surrounds both cells and fibres, marks the outline of the spindle-shaped 
group of cells, and shows the size of the fibre strand. 

The gustatory hairs on the oral appendages are also each supplied 
with numerous nerve elements (Plate 4, Fig. 14). The number is 
not nearly so great as in the olfactory hairs, — averaging about 10 to 
a hair, — nor are they so regularly and compactly grouped. They differ 
markedly, however, from the conditions found in tactile and otocyst 
hairs. 

The distinctly different conditions — as regards the number of nerve 
elements of the hairs — found in the olfactory and otocyst bristles, seem 
to explain the diverse conclusions of Bethe and Retzius on the one hand, 
and Vom Rath on the other. The two former observers worked on the 
tactile type of sensory bristles, while Vom Rath, as his figures show, 
evidently confined his attention to the other type. The conditions which 
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Yom Bath found iu the olfaotorj type he too hastily attribated to all 
the sensory hairs of Crustaoea. 

h. Peripheral Terminations. Here again we find a difference of opin- 
ion. Heasen ('63, p. 368) asserted that the peripheral fibre was 
attached to a process (lingtda) from the base of the hair shaft. Glaus 
(*91), Vom Rath ^92, '94), and Bethe ('95) found fibres reaching to the 
very tip of the sensory bristles; while Eetzius ('95, p. 17) found no 
evidence of nerve terminations beyond the enlargement at the base of 
the hair in decapods, though he observed in Entomostraca the same con- 
ditions as did the other three investigators. 

I have obtained hundreds of preparations of nerve endings in the 
various sensory hairs of Palsemonetes with several of the best modem 
nerve methods, and all furnished the same evidence. The conditions 
found for otocyst hairs were in every case as illustrated in Figures 4 
and 8 (Plates 1, 2). The ganglion cells, as already noted, lie at some 
distance (0.25 to 0.40 mm.) from the bases of the hairs which they supply. 
The reason for this becomes obvious, when the formation of the new 
hairs is considered. The developing hair tube extends below the base of 
the old hair a distance equal to at least one-third the length of the hair, 
and the ganglion cells necessarily lie below the lower or proximal end 
of the hair tube (Plate 3, Fig. 10. tb. set.). Hence they must be at least 
a third the length of the hair distant from its base, though they occupy 
a closer position directly after ecdysis than for some time before. The 
terminal fibres (Plate 2, Fig. 8, fbr. rt.), which are as long as the dis- 
tance of their cells from the hairs, enlarge slightly as they near their 
termination, and always end in the expanded base of the hair directly 
below the shaft proper. There are no signs of attachment to any part 
of the wall of the hair, nor of 6ne branching of the distal end of the fibre, 
such as Retzius ('90) describes. Figure 4 (Plate 1) shows diagram- 
matically one nerve element of the otocyst, the position of the ganglion 
cell, and the ending of its peripheral fibre in the base of the hair. In 
Figure 8 (Plate 2) only the termination of the fibre, highly magnified, 
is given. 

The elements of the tactile hairs end in precisely the same manner as 
those of the otocyst. A number of these endings are shown in Figure 
1 1 (Plate 3). In no case was a nerve ending demonstrated in the shaft 
of the hair. Thus, all the evidence of preparations goes to prove that 
in hath otocyst hairs and tactile hairs the nerve fihre^ without branching^ 
ends in the enlargement at the base of the hair, and never enters the shaft 
itself. 
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In the olfactory bristles the cells are situated about 0.45 mm. posterior 
to the bases of the hairs, and their peripheral nerve fibres, stained by 
methylen blue, were traoed in almost every preparation^ some distance 
into the shafts^ though in the tactile hairs of tlie same appendage no fibres 
could be followed further than the base. Figure 13 (Plate 4) shows 
the olfactory endings, some of them extending half the length of the 
hair shaft, but none as far as the tip; nor was such a condition ever 
found, although a great number of preparations were examined. The 
direct evidence of preparations shows, then, that the peripheral nerve 
endings are different for the different types of hairs. The fibres terminate 
in the enlarged base of tactile bristles^ while in olfactory hairs they end 
free in the shaft itself 

This direct evidence is strengthened by other structural conditions. 

(1) Owing to the rigidity of the hair shaft and its delicate basal 
attachment, a mechanical stimulus applied to a tactile hair would be 
apt to produce its strongest effect at the base. Therefore we should 
expect to find the nerve termination at this, the point of greatest stimu- 
lation. The innervation of the tactile hairs of vertebrates extends only 
to the base, yet the slightest touch of the hair tip stimulates the nerve 
ending. 

Similarly, in the otocyst hairs the point of greatest stimulation must 
be at the base. The hair tips are so entangled with each other, and with 
the otoliths resting upon them, that a stimulus applied to one must 
affect them all. If this stimulus is c^iused by the shifting of the weight 
of the otoliths resulting from a change in the direction of the pull of 
gravity, it will affect the delicate, labile articular membrane at the base 
of the hairs far more vigorously than the part of the shaft attached 
to an otolith, or entangled with the tip of another hair which is so 
attached. 

1(1 the olfactory hair, on the other hand, the chemical stimulus finds 
access through the permeable tip, and, traversing the cavity of the shaft, 
comes at once into contact with the terminations of the nerve, which 
here, as we have seen, runs some distance toward the tip of the hair. 
This, then, is a condition of affairs which, in view of the function of the 
olfactory hairs, we should reasonably expect. 

(2) The conditions during hair formation are very unfavorable to the 
wauDiption that the nerve fibres extend to the tips of the tactile and 
auditory hairs. In adult Pala^monetes, a month at least before ecdysis 
takes place, the matrix cells withdraw their processes to the basal por- 
tion of the hair, leaving the upper part of the shaft empty. As the 
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shrimp moults once in two or three mouths, this means that for nearly 
half the time the nerve tibre canuut extend further than the base of the 
hair. Yet the ^imals are apparently as sensitive to stimuli during this 
period as at any other. After the new hair is fully formed, and its tip 
projects into the base of the old hair, which has now lost all direct 
nerve connection, the animals still respond quickly to tactile stimulus ; 
the impulse resulting from the stimulus is transmitted from the tip of 
the old hair to its base, thence to the shaft of the new hair, by which 
in turn it is transferred to the nerve fibre. 

(3) If certain of the nerve fibres supplying the tactile hairs are 
stained with methylen blue just before ecdysis when the new hairs are 
fully formed but still deeply invaginated (Plate 3, Fig. 10, tb. seL), 
they may be traced some distance into the shaft of the new hair. Now, 
by removing with a fine needle the old test, cta.f the new hairs can be 
pulled out into their functional position. The nerve fibres, however, are 
not pulled out with the hair the whole distance, but remain nearly in 
their original relative positions, barely projecting into the bases of the 
hairs, a condition already pointed out in Figure 11 (Plate 3). 

It is unfortunate that the investigators of these nerve endings have 
never taken into account the tissue changes — certainly of great impor- 
tance — which occur in all Crustacea between moults. 

At certain stages in their formation the delicate protoplasmic pro- 
cesses in the tips of the new hairs stain very sharply, and have a 
varicose appearance, similar to that of nerve fibres; as these project 
some distance into the old hairs, they might easily be mistaken for 
terminal nerve endings. 

c. Central Terminations, By means of methylen-blue preparations the 
nerve fibres supplying the otocyst were traced continuously in their course 
from the sac to their central endings. Whole preparations of the anten- 
nules and brain could be used for this purpose, as the tissues wei*e ex- 
tremely transparent. On account of the proximity of brain and otocyst, 
the nerve supplying the latter is very short. It enters the anterior end 
of the brain lateral to the antennular nerve, the two joining as they 
pass within (Plate 3, Fig. 12). While the antennular nerve pursues 
a straight course, the other (Figs. 2, 4) descends from the sensory hairs 
in the floor of the otocyst, forms the sensory ganglion, and in continuing 
its course approaches somewhat the median plane and describes the 
form of an elongated letter S, the plane of which is dorso-ventraL 
Just before the two nerves unite to enter the brain, a third smaller 
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nerve is received by the otoojst nerve on its dorsal side (Plate 1, 
Fig. 2, rm, L). This nerve is formed by an aggregation of fibres from 
the tactile bristles of this segment of the anteonule, and runs almost 
straight toward the median plane till it joins the nerve of the otocyst. 
The fibres of the latter enter the anterior end of the brain ventral to 
the optic neuropil, and median to the globulus (Plates 1, 3, Figs. 
iy 12); they extend backward to near the posterior end of the central 
organ in an almost horizontal plane, latei*al to the fibres of the antennular 
nerve. They end in a region just anterior and median to the neuropils 
of the second antenns, brandling into delicate dendritic fibrillae, which 
form a well-marked neuropilar mass (Fig. 12, yj/.). 

Fibres supplying the tactile hairs of the basal segment of the anten- 
nule ead in the same neuropil, while the main nerve to the antennule 
ends in a closely connected fibrillar mass just median to it No nerve 
cells were found in the brain connected with the sensory fibres from the 
otocyst Association elements, with large dendritic branches, put these 
neuropils into communication with the optic centres. One of these con- 
necting fibres is shown in Figure 12 (/5r. aw.). Its cell, which sup- 
posably exists, was not stained. According to Bethe's ('97, Taf. xxviii. 
an.i ) experimental work on the brain of Carcinus maenas some of the 
otocyst fibres should end in the globulL He could not demonstrate 
such fibres, however, in his preparations of the crab's brain, nor was I 
able to obtain conclusive evidence of such endings in the globuli of 
Paliemonetes. 

d. Histology of the Nerve Elements. The nerve fibres of Pal». 
monetes are relatively large ; those of the otocyst reach their greatest 
Bize immediately before they enter the neuropil substance of the brain. 
At that point in their course they are from 3 to 5 ^ in diameter, not 
including the nerve sheath. In a transverse section of the nerve the sep- 
arate fibres show distinctly, as they are held apart by connective tissue. 

The /^iflcir structure was made out definitely only in methylen-blue 
preparations which had been well diflferentiated in process of fixation. 
The gold-chloride method of Apithy, though tried several times, did 
not give a successful reaction. FibrillaB were made out distinctly in 
only one preparation, though some evidences of such structure appeared 
in many. Figure 15 (Plate 4) shows a portion of a peripheral fibre in 
which many fibrils are seen running longitudinally. No single fibril 
was traced any considerable distance, nor could any evidence of the 
fibrils be found in the ganglion cells. The fibrillae are embedded in a 
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semi-fluid, homogeneous substance, which is the first to take up the 
methjlen-blue stain. It has beeu called by Bethe ('98) the "peri- 
fibrillar substance." The accumulation of this fluid into drops gives 
the characteristic beaded appearance of methjlen-blue preparations. 

A distinct nucleated myelin sheath surrounds both the fibre and the 
peripheral ganglion cells of PalsBmonetes. This sheath, which stains 
intensely black in Vom Rath's platino-osmio fixative, can be traced 
some distance beyond the peripheral ganglion cells toward the sensory 
hairs, and also centrally into the brain, where it ceases only when 
the fibres enter the neuropil substance. Figure 16 (Plate 4) shows 
a ganglion cell and its peripheral process surrounded by the sheath. 
Elongated, flattened nuclei occur at intervals along the walls of the 
sheath, curved around it and the enclosed fibre; certain of these 
sheath nuclei can be seen in Figure 4 (nl. tu,) between the ganglionic 
cells and the brain, though the myelin sheaths are not stained in this 
hematoxylin preparation. Quite frequently one of them may occur 
in close proximity to a ganglion cell. Thus are produced (Plate 4, 
Fig. 17) appearances which might be mistaken for a ganglion cell with 
two nuclei. Careful study, however, shows that one nucleus (nl,) lies 
within the cell, the other (nl, tu,) without, but abutting on the 
ganglion cell so closely as to sometimes change its form. In every 
instance of this kind one of the nuclei, owing to its irregular outline, 
its smaller size, and the curved form which it takes in adaptation to 
the surface of the cell, could be identified as belonging to the slieath 
rather than to the nerve cell. 

The peripheral ganglion cells are much elongated and are of the 
typical bipolar form (Plate 4, Fig. 18). They measure from 10 to 
lift in diameter; their nuclei are relatively large, measuring from 
7 to 9 ft in diameter, and are usually ovate in outline, their length in 
some cases being twice as great as their diameter. One large spherical 
nucleolus is usually present in the chromatic network, though some- 
times two or more are found. No definite structure can be recognized 
in the cytoplasm of the cell, nor any traces of fibrillse ; this, however, 
is not strange, as the cell usually stains so intensely that it would not 
be reasonable to expect to make out its finer structure. In methylen- 
blue preparations a narrow zone about the nucleus stains only faintly, 
the coloration becoming more intense as the periphery of the cell is 
approached ; so here, as Bethe also found in the nerve cells of Carcinas, 
the chromatin granules are more numerous at the periphery of the cell 
cytoplasm, and nearly wanting around the nucleus. 
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' 3. Developmeni of the Otocyst (in ffomarus amertcanus Milne-Edwardi). 

In order that the development of the otocyst in the lobster may be 
more readily understood, it may be best to compare briefly its adult 
condition with that of Palaemonetes. 

It was dissected and described by Farre ('43), and again by Hensen 
C63). The sac is drawn out posteriorly into a dorso-ventrally flattened 
projection, the " cochlea " of Hensen. The external aperture is extremely 
small, guarded by bristles, and located at the median, dorsal, and ante- 
rior end of the sac, the dorsal wall of which, like the dorsal wall of 
the antennule, is very thin, forming the so-called tympanic membrane. 
On the floor, which is nearly horizontal, there is a semi-circular ridge 
(Plate 5, Figs. 24, 26), which forms the sensory cushion. From this 
arise the otolith hairs, which have straight shafts, and number from 
500 to 600. The four rows of these are so arranged as to form a semi- 
circle, the open side of which (at the right in Plate 5, Fig. 26), is ante- 
rior instead of posterior as in Palasmonetes. At the anterior end of the 
curve there is an irregular group of smaller hairs, with bent shafts. On 
the median wall of the sac, near its posterior end, there is an irregular 
double row of long thread-like hairs, with shafts heavily fringed (Fig. 
26, set. m.)> The otoliths are numerous, and rest on the area surrounded 
by the rows of sensory hairs, and also on the hairs themselves; the 
thread-like hairs are fi'ee, and float out into the lumen of the sac. 

Not much has been written on the development of the otocyst in 
decapods. Reichenbach C86), in his work on the embryology of the 
crayfish, figures the invagination of the " auditory sac " at an early 
stage in the egg. The crayfish, however, as it develops into the adult 
form without passing through the larval stages characteristic of most 
other decapods, is not a typical example. Herrick ('95, p. 194) alludes 
to the appearance of the otocyst cavity in the third larval stage of 
Homarus, and he shows its position at this stage in connection with the 
development of the first antenna. In the fourth stage it is a shallow 
depression containing a few otoliths and in the fifth larva its aperture 
begins to close. 

I shall describe its condition in the first four larval stages. 

a. First Larval Stage. 

(Schizopod larva, without abdominal appendages.) 
Sections of lobster eggs in different stages up to time of hatching 
showed no evidence of the otocyst in the antennule, and it became 
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apparent that its developmeDt took place wholly in the free-swimming 
stiigea. A transverse section through the antennule of a newly hatched 
larva (Plate 4, Fig. 19) shows no sign of invagination in the region 
where the sac is to appear. But certain elongated nuclei, evidently 
those of modified hypodermal cells, are found grouped, two or three 
layers deep, beneath the dorso-lateral wall of the appendage (Fig. 19, 
cL ma,). These elongated nuclei, viewed from the dorsal surface of the 
appendage, are seen to be roughly arranged in a semi-circle, like the rows 
of otocyst hairs in Figure 26 (Plate 5), and when traced through later 
stages, the position they occupy is found to be directly beneath the ridge 
where the sensory hairs later appear (Plate 5, Fig. 24, set. oL). They 
are evidently, therefore, the nuclei of the matrix cells which build up 
by secretion the chitinous walls of the sensory hairs. These cells, like 
those which take part in hair formation after ecdysis, originate from the 
chitinogenous hypodermal cells by simply becoming elongated and sink- 
ing beneath them. A similar arrangement of matrix cells was found in 
the developing otocyst of Mysis by Bethe ('95'). Numerous spherical 
nuclei, which stain in a manner characteristic of nerve cells, are present 
just below the matrix cells (Fig. 19, n'W.). If traced back to the gan- 
glionic masses of the brain, they are found to be continuous with the 
nerve cells of the latter, and probably originate from them. 

b. Second Larval Stage, 

(Second to fifth pair of abdominal appendages present.) 
In this larva the first evidence of invagination is seen on the dorsal 
side at the base of the antennule (Plate 4, Fig. 20). The nuclei of the 
matrix cells are now larger, and very conspicuous at the lateral side ot 
the transverse section, the region where the rows of hairs will later 
appear. Figure 22 (Plate 4) shows the anterior and posterior limits of 
the invagination and the fundament of the sensory ridgCy marked by a 
fold in the hypodermis and chitin at cl. ma. The matrix cells just 
posterior to this fold, whose processes are directed toward it, ai^e those 
which are to form the transverse portion of the hair rows. As in the 
first stage, nuclei of nerve cells lie immediately beneath the matrix cells, 
but the cytoplasm about them shows as yet no definite boundaries or 
outlines, nor are there any signs of nerve fibres connected with them. 

c. Third Larval Stage, 

(Chelae relatively larger, uropods present.) 

In this stage (Plates 4, 5, Figs. 21, 23) invagination has proceeded 
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Still further. There is a deep lateral, as well as a posterior, fold in the 
chitin; but the sac, if it can now be called such, is very shallow, wide- 
mouthed, and without sensory hairs or otoliths. From the group of 
matrix cells, however, the tips of embryonic sensory h&irs may be made 
out, projecting dorsally, but covered by the chitinous floor of the sac 
(Plate 5, Fig. 27). Only after the wall of the sac has been shed at the 
next moult will they become functional organs. 

d. Fourth Larval Stage. 

(Form like that of adult ; thoracic exopods rudimentary.) 
The sac has now greatly increased in size, and nearly tills the cavity 
of the appendage (Figs. 24, 25). Its opening has become smaller, 
and is protected by numerous fringed bristles, which project from its 
sides (Fig. 25, tct.). About 200 sensory hairs are present borne on a 
prominent sensory ridge (Fig. 24, set, ot.) and arranged in three regular 
rows, one row less than in the adult stage (Fig. 26). The whole band 
bears sonje resemblance to a sickle. Beginning at the median side of the 
sac floor, the rows curving only slightly run laterally, then with a 
stronger bend turn forward. At the anterior end of the sac regular 
arrangement ceases, the hairs being grouped promiscuously. Besides 
these large hairs on the sensory ridge, which measure 120 /i to 150 /x in 
length and from 4 /« to 6 /« in diameter, there is, as in adults, an irregular 
row of more attenuate hairs arranged longitudinally along the posterior 
part of the median wall (set, m.. Fig. 26). They number about thirty, 
are on the average 140 ^ in length, and have a diameter of only 2 ^ to 3 ju 
at the base of the shaft. 

Many otoliths, consisting of fine particles of sand, rest on the hairs of 
the sensory ridge, as in the adult condition, but do not come into con- 
tact with the attenuate bristles of the median side-wall, which project 
free into the liquid contents of the otocyst. The sensory ridge is much 
more prominent at this stage than in the adult. This, and the size of 
the aperture, are the chief differences between the two, and are well shown 
in Figure 25. The opening gradually becomes smaller in the fifth, sixth, 
and seventh stages, until in the full-grown animal it is almost obliterated. 
A fourth row of hairs, not yet developed, is formed posterior to the 
others at some stage later than the seventh moult, this being the oldest 
stage that I have studied. Except for the gradual closure of the aper- 
ture, the larvae of the fifth, sixth, and seventh stages show the same 
conditions in the otocyst as the stage under consideration. 
In Figure 24 (Plate 5) ganglion cells {cl. gn,) are seen beneath the 
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seDSory ridge. The origin of these could not with certainty be traced 
out in tlie material at command, though from the conditions found in 
the first stage, it is probable that they are derived from the neuroblast 
cells of the brain. The only evidence in favor of this view is the prox- 
imity of the brain, and the fact that at an early stage nerve cells which 
were continuous with the ganglionic masses of the brain were present 
beneath the matrix cells of the otocyst. Figure 26 shows, somewhat 
diagrammatically, the general innervation of the otocyst haira of the 
fourth larval stage, as brought out by methylen blue. The condition is 
essentially that of the adult. There is but one nerve element to each 
hair, and the endings are in the enlarged bases. No myelin sheath is 
developed in either the larva or adult lobster. Central terminations of 
the otocyst fibres were not traced out, nor was their finer histology 
investigated. 

The most striking point to be noted in the development of the otocyst 
of the lobster is the abrupt change which takes place after the third 
moult. The shallow, functionless depression of the third stage is con- 
verted at once into the active, well-differentiated organ of the fourth 
larva. This sudden leap in the development of the otocyst is correlated 
with an abrupt metamorphosis of the larva's general form and method 
of locomotion. As this correlation may have an important physiological 
significance, it will be discussed in detail in the theoretical portion of 
this paper. 

II. CrANGON VULGARIS SaT. 

1. Structure of the Otocyst. 

a. Sac. The otocyst has been described only briefly by Hensen ('63). 
He figures the sac dissected out, and gives two sketches of the sensory 
hairs, and the prominence upon which they are borne. 

The sac, as seen in a section passing through its middle and trans- 
verse to the long axis of the antennule, has the form of a half-circle. In 
a cross-section more posterior its outline is made irregular by the pro- 
jection of the semory ridge or cushion from its lateral wall (Plate 6, Fig. 
28). This is an entirely different condition from that found in Pal»- 
roonetes, where the sensory cushion is basal. More irregular still is its 
form in frontal section, as shown at ers. ms. in Figure 29 (Plate 6). The 
dimensions of the sac in individuals of medium size (25 mm. long) are : 

length 0.44 to 0.55 mm. 

width 0.28 "0.38 " (anterior to sensory ridge) 

depth 0.20 <* 0.22 " 
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It is thus relatively wider, and more shallow than that of Palaemonetes. 
The wall is of thin chitin continuous at the large oval aperture (Plate 7, 
Fig. 30) with that of the dorsal side of the antennule. The aperture is 
as wide and nearly as long as the sac itself; instead of a fold of chitin 
it has for protection a row of large fringed bristles. These are ranged 
close together along the posterior edge of the opening and extend their 
loDg parallel shafts beyond its anterior margin. A fine-meshed grating 
is thus formed, through which even microscopic oiganisms could not pass 
without displacement of the bristles. 

b. The sensory cushion (Plate 6, Fig. 29, crs, sns,)^ as already noted, 
projects from the posterior portion of the lateral wall of the sac. Its 
direction is not transverse to the long axis of the sac, but it points 
obliquely forward and mediad. It is a ridge rather than a cushion, for 
the hairs are arranged in a short, nearly straight single row, instead of 
in several rows having the form of a sickle. This row of hairs, which 
defines the limits of the sensory region, starting at the dorsal end of the 
ridge, takes a course along its convex surface downward and backward, 
and ends where the ridge disappears, just before the floor of the sac is 
reached. A portion of a row of hairs is shown in the right otocyst. 
Figure 29, set, oL (Plate 6), where the hairs anterior in position are really 
above or dorsal to those posterior to them. The ridge-like projection of 
the sensory prominence is best seen in a parasagittal section (Plate 7, 
Fig. 30, set ot,)j a hair being there shown at the apex of the ridge. 

The matrix cells are essentially the same as in the hairs of 
Palsemonetes. They occupy the region just beneath the bristles, into 
which their processes extend. The space in the sensory prominence 
below and lateral to the matrix cells is occupied by the sensory ganglion 
cells, the fibres from which penetrate between the foroiative cells and 
reach the bases of the hairs (Fig. 29, el. gn). 

c. Structure of hairs. Arranged on the sensory ridge in the manner 
above described, the hairs of the otocyst are 26 in number, as shown by 
the average of a large number of individuals. They are largest at the 
upper anterior end of the row, whore they measure 180^ in length and 
about 9 ^ in diameter at the base of the shaft. Proceeding down the 
line they are successively smaller, the last of the series being only 1 00 /u 
in length and 6 ^ in diameter. There is a conspicuous spherical enlarge- 
ment at the base of the hair shaft (Plate 7, Fig. 31, mb. sph.), as in the 
otocyst hairs of Palaemonetes. The shaft itself for about a third of its 
length projects straight out horiEontally into the lumen of the sac 
Then it bends down ventrally nearly at right angles, though the amount 
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of ciiryature is different for different haira. The larger, being in a more 
elevated position, usuallj bend at a sharper angle than those near the 
floor of the sao. All are heavil j plumed ; the pinnules are long and 
coarse (Plate 7, Fig. 31, pinn,) and often have otoliths firmly attached 
to them by a substance probably of glandular origin. Hensen ('63) 
describes the otolith hairs of Crangon, as follows : ** £s steht namlieh auf 
die sohon erw'ahnten Vorbuchtung eine einzige Eeihe von 7 oder 8 
Haaren ; diese Haare reichen bis zur Kugel in die Steine hinein, ihre 
Zahl ersckeint viel zu gering fUr deren Masse. . • . Sie sind 0.075 mm. 
lang, 0.0075 mm. breit und gerade au^erichtet." 

This description of these hairs is completely at variance with the 
conditions I have found in the American Crangon. In order to deter- 
mine, therefore, whether this was a true specific difference, or due to an 
error on Hensen's part, a number of the European specimens, procured 
by Dr. Mark from Professor Herdman in Liverpool, were examined. 
After dissecting out the otocysts of 12 specimens, I was entirely satisfied 
that Hensen's description was incorrect. The hairs are precisely the 
same in size, form, and number as in the American variety. They have 
their shafts distinctly bent near the tip at angles varying from 25^ to 90^ ; 
of the individuals examined none possessed less than twenty-four hairs 
in the sac, the average being twenty-six. 

That Hensen should have made such a mistake is not strange. He 
himself says : '' their number appears much too small for the mass [of 
the otoliths]." The tips of the hairs are concealed by the otoliths, and 
only the first third of the row would be visible from above. 

d. The formation, of hair$ after ecdysis is identical with that (d 
Falsemonetes. 

e. The otoliths are numerous, lai^er than in Palsemonetes, and found 
mostly in the posterior part of the sac, in contact with, or even attached 
to, the fringed tips of the hairs. Mainly siliceous, they are taken in 
after each moult, being readily pushed into the large opening of the 
otocyst. They can be almost completely washed out by a fine jet 
of water introduced artificially, and if the animal so treated is then 
placed in an aquarium containing iron filings, or other substitute, this 
material will soon be used to replace the otoliths of sand. 

2. Innervation of the Otocyst 

As in Paleemonetes, the brain is veiy close to the otocyst, and the 
nerve supplying the sac is therefore short. Its general course is shown 
at n. ot. in Figure 29 (Plate 6). 



Digitized by CjOOQ IC 



PRIKnSS: THE 0T0GT8T OF DEOAPOD CRUSTACEA. 199 

Leaving the anterior end of the brain with a bend away from the 
median plane, it gives off in front of the globulus a small lateral branch 
(nn. L), which supplies the tactile bristles of the antennale. The main 
nerve, after passing between the globulus and the posterior end of the 
sac, runs forward only a short distance to the sensory prominence on the 
lateral side of which its ganglion lies. The peripheral fibres can be 
traced forward and slightly mediad from the ganglion to the bases of the 
otocyst hurs. The whole course of the nerve is approximately in a 
frontal plane, though its peripheral ending is slightly more ventral than 
its point of departure fk)m the central organ. In Figure 28 (Plate 6) the 
transverse section of the antennular nerve (n. at J) is seen to be median 
to the sac, while the ganglion cells of the otocyst nerve {cl.gn.) are 
lateral to it. 

0. Number of Nerve ElemaUs to a Single Bristle. There is in Crangon 
but one ganglion cell and fibre to each otocyst hair. The cells and fibres 
were counted as in Palsmonetes, and the numbers thus obtained were 
fonnd to agree approximately with the number of the hairs. 

Methylen-blue preparations of the olfactory nerve elements were 
obtained, and the conditions there brought out agreed essentially with 
those found in the same type of hair in Palsemonetes, large groups 
of nerve cells being present beneath each olfactory bristle. 

h. Peripheral Terminations. Nerve fibres to otocyst hairs were 
never traced beyond the enlarged base of the bristle, where they end free 
without branching. A typical nerve element of the otocyst is given 
diagrammatically in Figure 29; it shows the peripheral ending of the 
fibre at the base of set, at. 

In the olfactory hairs, on the other hand, the nerve fibres in most 
cases could be traced up into the shaft of the hair, though never through 
its whole length. Thus in Crangon, as in Palnmonetes, there is a 
distinct difference in the innervation of the two types of bristles, both as 
to the number of elements, and in the manner in which the fibres end. 

c. Centred Terminations. Centrally the otocyst nerve ends in a posi- 
tion (Fig. 29) corresponding to that of the central terminations in Pal- 
semonetes, but the fine fibrillar branching, which was brought out 
distinctly by methylen blue in that form, could not be impregnated in 
Crangon. 

(L Histology of the Nerve Elements. So far as worked out, this was 
similar to that already described in Palsemonetes. A myelin sheath is 
present in Crangon as well as Palamonetes^ though it was not observed* 
in any other decapods. 
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3. Development of the Otocyst. 
This was not studied in Crangon. 

III. Cambarus affinis (Sat) Girabd. 

The otocyst of the crayfish has been figured by only Farre (*43) and 
Huxley QBO), The description of the former investigator was excellent 
for the time at which it was made. Huxley alludes to the otocyst in 
his work on the crayfish, and gives one figure showing the sensory 
region dissected out. Hensen ('63) describes the hairs of the otocyst 
in Astacus fluvtatalis, but does not touch upon its other structures. 

1. Structure of the Otocyst. 

a. Sae. The otocyst of Cambams (Plate 8, Figs. 37, 38), except for 
its smaller size, resembles that of the lobster very closely. The aper- 
ture, exceedingly small in the lobster, is here quite large, though, on 
account of the dense chevaux defr%$e of fringed bristles, it seems smaller 
than it really is. These bristles, projecting from around its margin, 
effectually cover and conceal the opening. It occupies the middle of the 
dorsal side of the antennule; its anterior margin corresponds to the 
anterior wall of the otocyst, and it extends back from this point nearly 
one-half the length of the sac. Its width is about one-third that of the 
otocyst (Fig. 37). 

The cyst does not by any means fill the cavity of the antennule. It 
is rounded off in. front, but sharply pointed at its posterior end, where 
it is very shallow (Fig. 38). Its walls are of uncalcified chitin and 
continuous with the very thick calcified shell of the antennule (Figs. 37, 
38). Its dimensions in average-sized animals are : 

Length from 1.75 mm. to 2.25 mnu 
Width " 1.52 " " 2.10 '' 
Depth " 0.85 " " 1.05 « 

h. Sensory OusMon, The sensory ridge, or cushion, in the base of 
the otocyst is not prominent, as that part of the sac floor upon which 
the sensory hairs are borne is but slightly elevated above the rest (Fig. 
38, set, ot), and, contrary to the conditions found in the two forms already 
described, the sensory surface is nearly horizontal, instead of being 
vertical or oblique. The arrangement of the hairs is shown in Figure 
40 (Plate 8). Three sets can be distinguished, corresponding to the 
divisions of the otic nerve, — a median, a lateral, and a transverse or 
posterior. The first and third are nearly straight, the second sickle- 



Digitized by CjOOQ IC 



PEENTISS: THE OTOCYST OF DECAPOD CRUSTACEA. 201 

shaped. The " median " set ooiisists of a single nearly straight row, 
running from the posterior angle of the sac obliquely forward and 
mediad, back of which there are two or three shorter, irregular rows 
of scattered hairs. The lateral set consists of two concentric rows, 
which have the form of a crescent or the blade of a sickle, the handle of 
which is represented roughly by the nerve trunk connecting the bristles 
with the brain. The hairs of the outer row are much larger than those 
of the inner series. At the tip of the sickle blade the area covered by 
the bristles expands, and the hairs are arranged in 4 or 5 irregular 
rows. Behind the proximal end of this sickle-shaped double row of 
bristles is a short row of very large hairs, the posterior set (Fig. 40, 
set, p.), usually nine in number, which extends transversely across the 
posterior portion of the sac immediately in front of its pointed base. 
Matrix cells are found in the region directly beneath the hairs, as in the 
other forms described (Plate 8^ Fig. 37), and the nerve cells with their 
peripheral fibres lie below the chitin, either just within (lateral set), 
or slightly posterior to (median and transverse sets) the rows of hairs 
(Plate 8, Fig. 40). By looking down upon the floor of the sac one can 
make out numerous small pores (represented in Figure 40 by minute 
circles), which penetrate the chltinous wall in that portion of the floor 
which is inclosed by the sensory bristles, especially in its lateral part 
In transverse sections some of these pores are cut through, and it then 
appears that they connect with the ducts of multicellular glands which 
are located in the tissues beneath. One of these glands with its duct 
and pore is shown in Figure 39. It is apparently similar to the tegu- 
mental glands found in different parts of the lobster and figured by Her- 
rick ('95, Cut 5, p. 77). In Cambams these glands evidently supply the 
secretion which attaches the otoliths to the pinnules of the otocyst hairs. 
c. Slmcture of Hairs. This has been described in some detail by 
Hensen ('63), to whose descriptions I have not much to add. The 
hairs are very similar in structure to those of the lobster. Their 
number varies greatly in different individuals, but is usually over 200. 
The straight, or only slightly curved, shaft is heavily fringed, and borne 
on the customary spherical base. Their dimensions are : 
Length, from 65 /* to 175 /u 
Diameter, " 15 fi ^ 18 fi. 
A transverse section of the shaft near its base has the peculiar shape 
shown in Figure 35 (Plate 7). This modification of the form of its 
waU, found also in the otocyst hairs of the lobster, doubtless renders 
the shaft more rigid than if it were a simple hollow cylinder. 
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The shaft, as already noted, is nearly straight, but it is attached to 
the floor of the sac in such a way as to make a very small angle with 
its surface, being, in fact, nearly parallel to it Thus in Cambarus the 
bending has taken place at the base, not, as in Palaemonetes and 
Crangon, in the shaft itself. In these two forms the tendency of the 
shaft to bend must be aided, if not caused, by the weight of the otoliths 
attached to the slender tips of the hairs. In the lobster and crayOsh 
the modified form of the shaft makes it too rigid to thus give way, and 
the bending, if any, must take place at the thin, membranous basal 
sphere. 
d. Formatian of Sain, (Not studied in Cambarus,) 
€. Otoliths. These are composed of large grains of sand distributed 
mostly within the circle of hairs, and supported in part by them. As 
the sac has a large opening, they are readily taken in through it after 
each eodysis. 

2. Linervaiion of the Otocyst^ 

As the crayfish was well adapted for work with methylen blue, a 
lai^e number of preparations of the sensory nerve elements were made, 
not only of the hairs of the otocyst, but also of the other sensory 
bristles. The nerve supplying the otocyst issues from the ventral 
surface, instead of the anterior end, of the brain, and at once passes 
forward with a slight lateral curvature to the pointed postenor end of 
the sac, beneath which its fibres spread out to the different hairs. It 
divides roughly into two strands, one of whigh passes obliquely forward 
and mediad to supply the median set of bristles (Plate 8, Fig. 40), 
while the other follows the course of the lateral sickle-shaped set, lying 
on the concave side of the two rows, to which it gives off fibres along 
its whole course. Before this division of the nerve takes place, a few 
large fibres run out from it on the lateral side (Fig. 40) to supply the 
short transverse row of lai^e bristles (Plate 7, Fig. 33). 

The sensory nerve cells lie immediately beneath the hypodermis, and 
their peripheral fibres run in a plane parallel with the floor of the sac. 
In the case of the transverse row of lai^e hairs, the nerve cells are 
situated about 450 /u posterior to the bases of the shafts, their peripheral 
fibres being therefore nearly half a millimetre in length. This is 
accounted for by the position of the new hair tube during the period of 
its formation between moults, when it extends back from the base of 
the functional shaft 350 /i ; the distance from base of hair to ganglion 
cell must consequently be somewhat greater than this* 
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a. Number of Nerve ElemenU to a Single Brittle. The number of 
cells and fibres for the whole sac could not be determined with exact- 
nesSy aa other sensory elements, supplying tactile hairs, are mingled with 
tliose of the otocyst. But in the shoi-t transverse row of large hairs, 
the cells and fibres are sufficiently isolated to allow of their being 
counted in serial sections. There are but nine hairs in that row, and if 
the nerve elements supplying them were twice as numerous, it would be 
at once apparent. The cells always occur singly, and their fibres run 
separately and parallel with one another to the bases of their respective 
hairs (Plate 7, Fig. 33). The number of each was counted many 
times, and it is certain that the number of ganglion cells and peripheral 
fibree exactly equals the number of hairs* Whole preparations of these 
nerve elements stained with methylen blue gave regularly nine ganglion 
cells and fibres supplying the nine sensory hairs. In these few otocyst 
hairs, at least, there is, then, but a single nerve element supplying each. 
In the tactile hairs of the scaphognathite of the second maxilla, many 
methylen-blue impregnations gave conditions liice that shown in Figure 
34 (Plate 7), only one sensory nerve element being stained. In the 
short spike-shaped bristles found on this same appendage, from three 
to five ganglion cells (Plate 7, Fig. 32, cL gn,) were usually found sup- 
plying each bristle. 

In the olfactorg bristles of the antennule, the conditions were the same 
as those already described and figured for Palasmonetes, though fewer 
elements compose each spindle-shaped group of cells. 

b. Peripheral Terminations, No branching of peripheral nerve 
fibres was observed in any sensory elements, though many were 
traced the whole length of an appendage. In Cambarus the fibres 
end always at the base in the otocyst hairs (Plate 7, Fig. 33). There 
is often a marked increase in the diameter of the fibre near its termina- 
tion, caused either by the staining of its sheath at this point, or by a 
partial separation of the component fibrillae. . Tactile hairs show similar 
conditions in their nerve endings (Plate 7, Fig. 34). 

The fibre strands of the olfactory bristles were, on the contrary, traced 
into the shaft some distance, where they apparently end free. Thus in 
the crayfish, we have a distinct difference in the innervation of the two 
type« of sensory hairs, which serves to confirm the statements made 
ocQceming the conditions in Palsemonetes and Crangon. 

€. Central Terminations, The otocyst nerve in Cambarus is large 
enough to be dissected out and traced to the ventral side of the brain, 
which it enters lateral to the larger antennular nerve. Its point of en- 
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trance is a little to one side of the median plane of the brain, opposite the 
posterior end of the globulus (Plate 9, Fig. 41). Its fibres run backward 
and dorsad, just lateral to those of the antennular nerve, and end in a 
neuropil directly anterior and median to that of the second antenna 
(Fig. 41, n. oL), The individual fibres end by branching into fine 
fibrillations, which could be traced only a short distance through the 
diffusely stained mass of fibrillar tissue about them. 

d. Histology of the Nerve Elements. The sensory nerve fibres of 
Cambarus are relatively smaller than those of PalsBmonetes. Imme- 
diately after leaving the ganglion cell each measures about 3^ in 
diameter, but becomes smaller as it runs distally, until near the point 
of ending, where it again enlarges to its .original size. In well differen- 
tiated methylen-blue stains, fibrillar structure is clearly brought out. 
Longitudinal sections, and whole preparations of continuous fibres, show 
fibrillations similar to those figured for PalaBmonetes. 

The sensory nerve cells are relatively large ; they measure from 15 to 
18^ in diameter, and being bipolar are spindle-like in form. Their 
nuclei are spherical and from 10^ to 12 ^u in diameter. . The cytoplasm 
of the cell never shows any evidence of fibrillations, but in methylen-blue 
impregnations there is a faintly staining zone directly about the nucleus ; 
the remainder of the cytoplasm takes on a deep blue color. This dif- 
ference in staining qualities may be due to the unequal distribution of 
chromatic substance in the cytoplasm. 

The myelin sheath, so characteristic for the nerve fibres of Palsemo- 
netes and Crangon, is not found in the nerve elements of the crayfish. 

3. The development of the otocyst was not studied in Cambarus. Ac- 
cording to Reichenbach ('86) it is completely formed before the young 
animal leaves the e^g, 

IV. Caroinus iLfiNAS Leach. (Green crab.) 

We now come to the second type of otocyst, which is found in all 
brachyuran Crustacea ; it is closed, and without otoliths. Mistaken by 
Bate (*58) for an olfactory organ, and figured by him in the larval 
stages of the crab, it has been described carefully in Carcinas maenas 
by Hensen (*63) alone. His accoimt, although fairly accurate, is in- 
fluenced by his seeing a fancied resemblance between the otocyst and the 
vertebrate ear ; the figures he gives of different parts of the sac dissected 
out leave one somewhat in the dark as to the relative positions of the 
structures described. 
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1. Structure of the Otocyst. 

a. Sac The basal segment of the antennule in Carcinus is relatively 
large, and elongated laterally to such an extent that its width is nearly 
twice its length (Plate 9, Fig. 46). Along its dorsal wall there ex- 
tends transversely a distinct line dividing the ohitin of the anterior part 
of the segment (lab. a.) from that of the posterior. This line of division, 
which reaches from the lateral margin of the segment three-fourths of 
the way across its dorsal wall, is rendered more prominent from the fact 
that the chitin posterior to it (lab, p.) is much lighter in color than 
that in front. 

If the antennule of a crab is examined directly after ecdysis, when the 
chitin is still very thin, soft, and uncalcified, this lighter colored area 
(Fig. 46, lab, p.) is found to be a fold, projecting forward over the ante- 
rior part ; and if its edge is lifted with a needle or fine pair of forceps, 
a transverse aperture is disclosed leading down to the lumen of the sac. 
This aperture extends from line 45 (Fig. 46) laterally down through 
the side wall of the antennule. There is, then, in fact, a free passage 
into the otocyst directly after moulting, a condition necessitated by 
the casting off of the old sac. But almost immediately after ecdysis, 
the opening is closed and its edges fuse together, probably owing to the 
simultaneous secretion of chitin by the hypode'rmis of the two surfaces 
which bound the orifice and are in direct contact. Figure 44 (Plate 9) 
shows at lab, p, the two surfaces which fuse. 

The form of the sac is very irregular, so much so that Hensen de- 
spaired of describing it. Its walls, like those of the forms already studied, 
are continuous dorsally with the calcified chitin of the antennule (Figs. 
42-48, Plate 9). The sac is thus suspended from the dorsal wall of the 
appendage. Although composed largely of thin chitin, one portion of its 
wall is much thickened and calcified (mal.y Figs. 43-48, Plate 9). On 
account of its irregular outline measurements can be of only small value. 
The average of a number of measurements taken of the otocyst in speci- 
mens approximating 30 mm. in length, gave the following results : — 
Greatest length, 1.11 mm. 
" width, 1.96 " 
*' depth, 1.05 « 

The seemingly contorted shape of the sac is caused by three protuber- 
ances or invaginations of its walls, which project into the lumen (Fig. A, 
and Plate 10, Fig. 55). Two only of these prominences are sensory and 
bear bristles (Fig. J^ set. ta. and $et. fil). The third and largest of 
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the three (mal)^ which projecta from the lateral and posterior wall of the 
cyst, is without sensory organs of any kind. Its wall is irregularly 
curved and pitted (Plate 9, Fig. 47 mal,), while portions of it are even 
calcified. At one point its walls are constricted to form a neck, which 
b3ars a large hammer-like head (Fig. 47). This is the ** Hammer'* of 
Hensen, compared by him to the malleus of the vertebrate middle ear. 
Figures 43, 48, and A show the relative position of this hammer to the 




mL/U, 



90,1^ 



FlOURB A. 
Model of the lamen of the left otocyst of Carcinus, donal view, tne upper w«]] of the 9tc 
removed. The cavity of the sac was modelled in wax from serial sections under a 
mai^piification of 50 diameters, and a plaster cast of the model photographed natural size. 
In making the cut this was reduced to a ma^ification of 33 diameters, a., anterior; 
m., median; #et.', group hairs; set, fiL, thread hairs; «e(. ta,, hook hairs. 

rest of the sac. It serves merely for the attachment of the short, thick, 
powerful muscles of the antennule which keep the latter in almost con- 
stant motion, and has probably nothing whatever to do with the seusoiy 
functions of the otocyst. 

b. Sensory Cvskions, Of the three projections noted, the remaining 
two are sensory and bear sensory hairs (Plate 10, Fig. 55, set, to., 
HtfiL), The smaller of these (set, to.), located on the median portion 
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of the posterior wall of the sao, bears a number of hairs with hooked 
shafls. The surface bearing these lies in a nearlj vertical plane. From 
its position and the shape of its hairs this prominence is comparable 
to the sensory cushions upon the surfaces of which the otoliths are 
lodged in Palsmonetes, Crangon, and the crayfish. Irregularly disposed 
matrix cells are situated in clusters immediately beneath the hooked 
hairs (Plate 10, Fig. 50), and deeper in the tissues are the ganglion 
cells of the nerve fibres which supply the bristles (Fig. 50, cl. gn.). In 
the larval stages of the crab this sensory cushion is relatively much 
lai^ger. It extends through half the length of the sac, and its hairs 
are in contact with the otoliths which the sac then contains. Pores of 
tegumental glands penetrate the chitin of this prominence, as they do 
that of the sensory cushions in the crayfish and lobster, although found 
in no other part of the sac. These glands secrete a substance which, in 
the larval crab, attaches the otoliths to the tips of the hairs. Their 
presence in the adult crab is evidence in favor of the homology of this 
cushion with that described for otocysts containing otoliths. 

The other sensory cushion is much larger, and is produced by a 
partial invagination of a portion of the median and anterior walls of 
the sac, which forms an oval prominence (Fig. A; Plate 9, Fig. 48; 
Plate 10, Fig. 55, sei.fil.). It is nearly 0.5 mm. in diameter, and its 
surface, making an angle of about 45 degrees with both the transverse 
and sagittal planes of the aninml, inclines backward, inward and down- 
ward (Plate 9, Fig. 45). Its ventral portion is shown in transverse 
section in Figs. 47 48. The chitin of this cushion is very thin ; upon 
it is a row of long delicate hairs, called by Hensen ('63) " Fadenhaare," 
or thread-hairs. This row runs down somewhat obliquely from the 
upper side of the prominence to its ventral margin near the floor of the 
sac, its dorsal end being the more anterior of the two (Fig. A, $et. fit,). 

This sensory cushion is also found in the sac of the larva, and 
the bristles it then bears are similar to those found projecting free into 
the lumen of the lobster otocyst from its median wall (Plate 5, Fig. 
26, teL Ilk). The prominence we are now describing in Carcinus is 
probably therefore simply a further difierentiation of the slight projec- 
tion noted in the sac of the lobster. 

Matrix cells send delicate processes into the hairs, as in those of pre- 
ceding species; the ganglion cells are situated directly beneath the 
hypodermis, but some distance posterior to the bases of the hairs (Plate 
10, Fig. 5Z^el.gn.). 

No gland pores are present, nor are they needed, as the thread 
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hairs are never in contact with the otoliths^ even in the larval 
stages. 

A third region, on which sensory hairs are located, is found at the 
extreme lateral side of the sac, beneath the fused lips of its opening 
(Fig. A ; Plate 9, Fig. 42, setS). There is only a slight prominence, the 
surface bearing the hairs being nearly flat. The hairs are arranged in 
irregular fashion, somewhat like the groups of otocyst bristles situated 
near the aperture of the sac in the crayfish and lobster. Numerous 
groups of matrix cells lie directly below these hairs, but no nervous 
structures could be distinguished in their vicinity. 

The great hammer-like prominence, which serves for the attachment 
of the antennular muscles, separates the sac roughly into an upper, 
anterior chamber and a lower, posterior one. The first of these com- 
partments is again partially separated into two by the anterior sensory 
prominence, which nearly meets the '' hammer." These three chambers, 
iuto each of which sensory hairs project, were likened by Hensen to the 
semi-circular canals of the vertebrate ear, and the sensory regions to the 
cristm acusticce. As the compartments are in free communication, are 
not at all canal-like in form, and are arranged in no definite positions 
relative to each other which might be of functional importance, there 
seems to be no more logical reason for making such a comparison than 
for comparing the hammer-like projection of the otocyst to the malleus. 
The apparent division of the otocyst into three compartments is not a 
modification for the purpose of increasing its usefulness as a sense organ, 
but evidently a condition brought about mechanically by the differen- 
tiation of the ^' hammer " along lines which would make it better 
adapted for the attachment of muscles. 

c. Structure of Hairs, The hairs, as already indicated in describing 
the sensory regions, are of three kinds. Hensen's account of them is 
fairly good. He divides them into the following classes : (1 ) hook 
hairs (Hakenhaare), (2) thread hairs (Fadenhaare), and (3) grouped 
hairs (Grupi>enhaare). 

(1) The hook hairs are found on the posterior vertical cushion (Fig. 
A aud Plate 10, Figs. 50, 55, set. ta.) arranged in a very irregular 
curved row. They vary from 25 to 31 in number, and are relatively 
very small, averaging 49 fg in length and 4 ^ in diameter. Their shafts 
are hooked, often bent nearly double, and are sparsely fringed near the 
tip, if at all. The base is enlarged, as is usual in otocyst hairs, but 
not so markedly as in the forms already studied. Instead of being 
attached to a large spherical membrane, the base of the shaft is set 
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into a cup-shaped depression and so labilely fastened to the chitin of 
the sac wall (Plate 10, Fig. 51) that the hair can sway freely in any 
direction, as if it were attached by a ball-and-socket joint. This cup- 
like depression is characteristic of all the otocyst hairs of Brachyura. 

The hook hairs are present in the otocyst of the Megalops larva of 
Carcinus, and are there relatively much larger ; they extend over a large 
portion of the posterior end and floor of the sac, the curved row of 25 to 
30 hairs occupying two-thirds of its length. As the otocyst is open at 
this stage, it contains numerous otoliths, and these are either in contact 
iffith, or attached to, the tips of these hairs. Measurements of a number of 
these larval hairs were made in the Megalops and the stage succeeding 
it, and a comparison of these with the same hairs of adults is made in 
the following table : 



Staob. 


Width of 
Otocyit 


AT«rage Length 

oftenHo^ 

HAin. 


ATeraM Diameter 

of&iQHook 

Hftln. 


Adnlt (80 cm. long) 
Young crab 
Megalopf Urra 


1.96 mm. 
0.24 mm. 
0.21 mm. 


49m 
47 m 
46m 


4m 
4m 
4m 



This table brings out the interesting fact that the hook hairs of a 
Megalops larva, of a young crab and of an adult are of nearly equal 
size, although the otocyst of the adult is nearly ten times as long as 
that of the Megalops, and over eight times that of the young crab. On 
measuring the thread hairs to see if the conditions there were the same, 
it was found that in the adult they were three and a half times as long 
as in the Megalops stage; the thread hairs thus more than tripled their 
length, while the hook hairs remained constant The number of hook 
hairs is approximately the same in the Megalops otocyst and in the sac of 
the adult. Their arrested development may be explained by the fact 
that they are true otolith hairs ; when the otocyst becomes permanently 
closed, otoliths can no longer enter the sac, and these hairs, as they lose 
their original function, do not grow pari passu with the other hairs of 
the otocyst, but remain nnchanged. They do not degenerate and 
become entirely functionless, for they are still innervated in the adult 
crab, and, though sac after sac is shed and new ones formed without an 
otolith's finding its way into the organ, they still retain the peculiar 
form of the original otolith bristles. 
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We are thus led to regard the hook hairs of the crab as homologues 
of the otolith hairs of Macrura, and for these five reasons : — (1) The 
similarity in their structure. (2) Their similarity in position at the 
posterior end of the sac (3) Otoliths are in contact with the hook 
hairs in larval stages^ though not in the adult. (4) When the otoliths 
disappear, the development of the hook hairs is arrested. (5) Gland 
pores open through the chitin of their cushion, as they do through that 
of the crayfish and lobster, although they are not found in the other 
sensory regions of the sac. 

(2) The thread haire are the largest, the most highly differentiated, 
lUid probably the most active sensory bristles of the otocyst. There 
are about thirty of them, arranged upon the large anterior sensory 
cushion in a regular row (Fig. -4, $eU JU.). These hairs are extremely 
attenuate. Measuring only two or three ^ at the base, the straight or 
slightly bending shaft averages 320^ in length; it is unfringed save 
at the very tip, where for a -short distance it bears two rows of ex- 
tremely delicate pinnules. A peculiarity of this fringed tip is that 
it is not a continuation of the main shaft of the hair^ but seemingly 
a diminutive hair in itself, sprouting from the latter. It makes a 
slight angle with the main shaft, the end of which projects a short 
distance beyond the base of the ofiGshoot (Plate 10, Figs. 53, 54). 
Tho shafts of these hairs are directed out laterally, and slightly pos- 
teriorly, into the fluid contents of the sac, and they are so delicately 
attached at their bases that the slightest jar imparted to the liquid 
in which they float is sufficient to set them swaying. In alcoholic 
material they break off very easily. The shaft decreases somewhat in 
diameter towards its base and then suddenly enlarges. This enlarge- 
ment is attached to the floor of a deep cup-like socket, the orifice of 
which is large enough to give ample play to the shaft in its movements 
(Fig. 53). 

Straight attenuate hairs are found in the otocyst of the Megalops 
larva having the same relative position in the sac as the thread hairs 
of the adult. These hairs are not in contact with otoliths, but each 
shaft is fringed with filaments throughout its whole length. They 
become differentiated in later stages into the peculiarly modified thread 
hairs. Hairs similar to those of the Megalops larva just described 
are also found in the otocyst of the adult lobster, situated on the 
median wall of the sac and projecting free into its lumen. They are 
similar in both larva and adult, and are probably in function accessory 
to the otolith hairs. They may be homologues of the thread hairs. 
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which, in the crab, with the disappearance of the otoliths, have taken 
on the chief functional activity of the otocyst, formerly vested in the 
book hairs. 

(3) 7%e grcwp hair$ (•eL') form the third and most namerous class of 
the otocyst bristles of Carciuus. Irregularly distributed in the most 
lateral corner of the sac (Fig. ^,) on a flattened portion of the wall 
ventral to the closed margins of the aperture (Plate 9, Figs. 42, 47; 
Plate 10, Fig. 55), they are unlike any of the otocyst hairs found in 
Macrura, being short, thick, and blunt, without a trace of fringing fila- 
ments (Plate 10, Fig. 49). They are WO fi to 135 /a long and U^ to 
14/u in diameter. There are nearly 200 of these hairs, forming one 
large irregular group. They do not occur in the Megalops otocyst, 
therefore they must be developed at some later period. They may 
possibly be degenerated tactile hairs which in the formation of the 
otocyst have been folded into its cavity. Their proximity to the aper- 
ture of the otocyst makes this supposition highly probable. Their 
shafts are set into depressions in the sac wall, and, like the other oto- 
cyst hairs, they can sway freely on their bases. 

d. Formation of Hairt. The hairs are formed in Carcinus, and in 
the Brachyura generally, after the method already described in 
Pabemonetes. From the presence of a cup-like depression at the 
base of each shafts instead of the large spherical membrane found in 
the Macrura, it might be inferred that the cup results from the in- 
complete evagination of the hair. 

0. OtoUthi are entirely wanting in the adult otocyst, but are present 
in those larval stages where the sac is still open. They consist, as 
usual, of grains of sand, which in this case are very small, for the sac 
itself in these stages is less than 0.3 mm. in length. They can readily 
be introduced into the otocyst of the Megalops, as its aperture is rela* 
tively large. When in a succeeding stage the sac is cast off with its 
otoliths at ecdysis, the aperture of the new cyst closes at once, and 
no foreign particles can enter it ; henceforth it is without otoliths. 

2. Innervation of the Otocytt, 

The general course of the otocyst nerve is shown in Plate 10, Figure 
55 (n. ot). As in the forms previously described, the sac lies in close 
proximity to the brain, and its nerve is consequently short. It is 
given off with the antennular nerve from the anterior end of the cen- 
tral organ, and its course for a short distance is directly lateral, until 
the base of the antennule is reached. At this point the antennular 
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nerve (n. €U.i) turns straight forward, while that of the otocjst divides 
into three branches (Fig. 55, n. ot.^ n, otJ, n. otJ^), The most median 
and largest of these runs forward to supply the thread hairs; the 
middle branch goes directly to the posterior sensory cushion, which 
bears the hook hairs; while the third and lateral ofifshoot takes a 
nearly straight course along the posterior wall of the sac and supplies 
the tactile hairs of the antennule, and possibly the group hairs of the 
otocyst. The ganglion cells of the hook hairs are some distance pos- 
terior to the hairs and arranged in an irregular scattering group 
(Plate 10, Fig. 50, cL gn,). Those of the thread hairs* are lateral and 
posterior with reference to their hairs, lying immediately beneath the 
hypodermal cells of the sensory cushion, and forming an irregular single 
row, which is nearly parallel to the row of thread hairs (Plate 10, 
Fig. 53, cL gn.). 

a. Number of Nerve Elements to a Single Bristle. The nerve ele- 
ments of the thread hairs were brought out clearly and completely by 
methylen blue and by Vom Eath's platinic-chloride method. The 
conditions found in a number of preparations are shown in Figure 53, 
where there is but a single element for each hair. This particular 
preparation was obtained with methylen blue, but the results were 
verified by Vom Bath's method. Counted in serial sections, the num- 
ber of hairs and ganglion cells were approximately equal. 

By the same method of counting, the elements of the hook hairs 
gave like results. In one case there were thirty hairs and thirty- 
one cells. No ganglion cells could be made out near the group hairs, 
nor any fibres supplying them. Certain clusters of cells are found 
directly beneath their bases, but their large peripheral processes, irregu- 
lar outlines, and lack of central fibres marked these as matrix rather 
than nerve cells. 

Here in Carcinus, then, as in the macruran forms described, there is 
but one nerve element to each otocyst hair. 

The distal segment of the antennule was by chance sectioned in 
making preparations of the otocyst, and when stained with iron hcema- 
toxylin, the innervation of the olfactory hairs found in that region was 
sharply brought out (Plate 10, Fig. 52). As in the examples of this 
type of hair already described, a large spindle-shaped group of about 100 
ganglion cells sends a strand of nerve fibres to the base of each shaft. 
These cells are relatively small and situated 0.5 mm. posterior to the 
hairs they supply. In Figure 52 a single nerve element is shown 
diagrammatically in black. 
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b. Peripheral TermincUians, As seen in Figare 53 (Plate 10), the 
terminal fibres going to the thread hairs enter the pore at the base of the 
oup-shaped depression, pass up into the enlargement of the hair shaft, 
and there end free. In fact, there is in these hairs no functional neces- 
sity for the further continuance of the fibre into the shaft. Since the 
hairs project free into the liquid of tlie sac, if the otocjst is jarred or 
tilted, the shaft does not itself bend, but sways backward and forward 
upon its base. It is therefore at the base that the stimulus must niani- 
fSest itself, and it was there in every case that the fibres were found to 
end. 

In the olfactory hairs, on the other hand, the nerve fibres continue up 
into the large hollow shafts for some distance (Plate 10, Fig. 52, set. olf.). 
The olfactory hairs of Carciuus thus differ in their innervation from those 
of the otocyst, both in the number of nerve elements supplying each hair, 
and in the peripheral nerve endings. In the bristles of the otocyst there 
is but a single nerve element, and it ends free at the base of the hair 
without branching. In the olfactory hairs there may be a hundred ele- 
ments or more which end in the shaft of a single hair. 

c. Central Terminations. Entering the brain in front of, and just 
mediau to, the globulus, and ventral to the optic centres, the fibres of 
the otocyst nerve run straight back and enter the fibrillar mass (Plate 
10, Fig. 55, h'piL at.i), called *' the neuropil of the first antenna " by 
Bethe ('97), who has described the central endings of the antennular 
nerve of Carcinus. The fibres of the antennular nerve end in a connected 
neuropil just median to those of the otocyst. Bethe judged from his 
physiological experiments that there should be certain fibres from the 
otocyst ending in the globulus. He was not able to demonstrate such 
endings with methylen blue, nor was there any evidence of tlieir exist- 
ence in my preparations. According to Bethe the fibres from the oto- 
cyst end by the separation of their fibrillse in the neuropil. Lack of fresh 
Carcinas material prevented the verification of his work, but I have 
described similar conditions in the shrimp and crayfish. 

d. Histology of the Nerve Elements. As the finer structure of the 
elements of the Central nervous system has been fully described by Bethe 
('98), it is unnecessary for me to say anything on that matter, and 
only a few words need be added here as to the histology of the peripheral 
nerves and cells. The peripheral nerve fibres are much smaller than 
in Palseraonetes or Crangon, and are without a myelin sheath. The 
peripheral ganglion cells are relatively large, avenging 12 /i in diameter. 
They are of the typical bipolar form, and are much elongated (Plate 

▼OL. XXXVI. — HO. 7 4 



Digitized by CjOOQ IC 



214 BULLETIN: BlUSBUM OF COMPABATIVE ZOOLOGY. 

10, Fig. 50, cL gn.). Their nuclei are nearly spherical, and contain at 
least one large deeply staining nucleolus. No special preparations were 
made for the purpose of demonstrating fibrillse in either nerve cells or 
fibres. Bethe found them in all fibres, and traces of them in the cells of 
the brain. 

3. Development of the Otocyst, 

For the purpose of comparison with development in the lobster, the 
antennules of the first five free swimming larval stages of Carcinus were 
dissected out, stained and examined in toto. By this means it was 
ascertained that there ii no functional otocyst in the Zoea stages. 

(a) The first Zoea shows no trace of invagination in its antennule. 
There is, however, an aggregation of nuclei beneath the chitin of the 
region where the otocyst is to appear. 

(b) The second Zoea shows a slight depression on the dorsal side of 
the antennule, and its basal portion has begun to widen. 

{c) In the third Zoea this widening has increased, and the lateral wall 
of the antennule has now formed, a rounded protuberance. The invagi- 
nation has increased in size and depth, but no hairs nor otoliths are jet 
contained in it. 

((f) At the Megahps stage we find that a sudden development has 
taken place, as in the fourth larval stage of the lobster. The Zoea has 
by a single moult become metamorphosed into a Megalops, and the oto- 
cyst changed from a shallow depression to a nearly closed sac, contain- 
ing sensory hairs and otoliths. Two sensory cushions are present : one 
of these, posterior and median, bears 25 to 30 hooked hairs, upon the 
tips of which otoliths rest ; the other prominence projects from the 
anterior portion of the median wall, and bears a vertical row of about 30 
hairs, the shafts of which are directed laterally. These hairs are long, 
attenuate, and well fringed with delicate filaments. They do not coroe 
into contact with the otoliths, and, as already noted, they develop into 
the thread hairs of the adult ; those of the first sensory cushion described 
correspond to the hook hairs of the mature crab. The third type of hair 
found in the adult is not developed at this stage. The aperture is 
anterior and lateral in position, and extends transversely across the 
antennule. 

(e) The next stage examined was that of a young crab probably of 
the stage immediately succeeding the Megalops larva. The otocyst is 
slightly larger, and its opening is already nearly dosed. As a result, only 
a few small otoliths were contained in it. 
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The otocyst of Carcinos thus resembles very closely in its development 
that of the lobster. In both there is no trace of the organ in the newly 
hatched larvae, and for ihree successive moults it is not functional. In 
the fourth larval stage, with a sudden metamorphosis of the animal's 
general form, the otocyst is also rapidly changed from a mere depression 
to an active, well-developed organ. The significance of these sudden 
correlated transitions will be seen when the otocyst is considered 
physiologically. 



C. THEOBETICAIi CONSIDERATIONS. 
1. CompGurison of the Otooyst with the Vertebrate Eeu*. 

The otocyst has been compared by many investigators to the auditory 
organ of vertebrates. Leaving their functions entirely out of account, 
bow feur do the two correspond in structure 1 

The otocyst of Macrura consists of an open sac, a sensory prominence, 
bristles, and otoliths resting upon them ; essentially the same conditions 
as are fonnd in the ear of Myxine, though the latter has five sensory 
regions instead of one. The otocyst of macruran decapods might thus 
be well compared to an isolated ampulla in the ear sac of Myzine, and 
the sensory cushion to a single crista acustica. 

In the Brachyura the organ is still more highly differentiated. The 
sac is closed, there are three sensory regions, and the hairs found on 
them project free into the lumen of the otocyst ; otoliths are entirely 
wanting. The structure of the sensory apparatus is in this case similar 
to that of the cristse of higher vertebrates, and the sac itself resembles 
the utriculus. But there %$ no portion of the decapod otocyst so differ en- 
tiaied as to bear more than a fancied resemblance to the semicircular 
canahy the middle ear, or the cochlea of higher vertebrates. 

Each crista acustica in vertebrates, however, is made up of separate 
elements, which may be C/Ompared to the sensory elements of the otocyst. 
Every auditory hair of the crista is developed from the exposed end of a 
specialized epithelial sense cell, which itself forms the basal part of the 
hair, and is supported in position by the other cells of the epithelium. 
It has been shown by both Retzius (*94) and Morrill ('98) that these 
epithelial sense cells of the cristae in vertebrates are not true nervous 
elements, as the auditory fibres are not continuous with them. Both 
the cell and its auditory hair taken together are to be compared to the 
bristles of the otocyst, in that they constitute a non-nervous end-oi^n. 



Digitized by CjOOQ IC 



216 bulletin: museum of compakative zoology. 

Their innervation is also essentially the same. In the vertebrate crista 
an auditory nerve fibre passing from the brain is connected with a bipolar 
nerve cell in the auditory ganglion, from whence its peripheral fibre ex- 
tends to one of the epithelial sense cells, ending with a slight enlarge- 
ment in close proximity to, or in contact with its base. The single Jibre 
supplying each end-organ is never directly connected with the cell, nor does 
it ever run through it to the hair itself. The only difference between the 
peripheral endings just described, and those of the otocyst, is that in the 
hairs of the latter the fibres end free in the base of the hollow shaft, at 
the point where, from the structure of the hair, the greatest stimulus 
would be produced ; while in the vertebrate end-organ the nerve process 
is applied to the convex under-surface of the basal cell, which would 
transmit stimuli with an equal degree of intensity to fibres in contact 
with it at any point. 

The otoliths of the vertebrate ear are formed by secretion, while 
those of the crustacean otocyst are largely granules of sand taken into 
the sac from the exterior. In some Crustacea, however, such as the 
Mysidse, and in many other invertebrates, the otoliths are formed within 
the sac. 

In all decapods the innervation of the otocyst hairs distinctly differs 
from that of the olfactory bristles, not only as to peripheral termina- 
tions, but also in the number of nerve elements supplying each hair. 
As has been previously noted, the stimulus is transmitted by specialized 
cells or hairs to the nerve fibres of both the otocyst and the vertebrate 
ear, and is never applied directly to their endings. In either case only one 
nerve element is usually in contact with the terminal sense cell, and this 
is apparently ample to carry the isolated nervous message to the brain. 

With the olfactory sense it is different; in both vertebrates and 
Crustacea the chemical stimuli which produce the olfactory sensations 
act directly upon the nerve cells or their terminal fibres. In vertebrates 
portions of the nerve cells are exposed at the surface of the olfactory 
epithelium. In Crustacea peripheral fibres from the ganglion cells of 
the olfactory nerve end free in the hollow, perforate bristles. In Nereis 
and the earth-worm, Langdon ('95, '00) has shown that the processes of 
the olfactory cells end free upon the surface of the cuticnla, and com- 
pletely exposed to chemical stimuli ; a similar condition has been shown 
by Lewis C98) to exist in two polychsBtous worms of the family 
Maldanidae. 

The large numbers of nerve elements ending in each olfactory tube 
or bristle of decapod Crustacea may be accounted for by the &ct that 
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the stimulating chemical substances occur as slight traces only. In order 
that a sensation may be perceptible, apparently a large number of olfac- 
tory elements must be stimulated at once, for the larger their number, 
the stronger should be the sensation produced. The olfactory bristles 
are located on the flagella of the antennules, a position most favorable for 
tbe reception of chemical stimuli, as the flagellum projects some distance 
in front of the animal and can be kept in constant motion. The number 
of the bristles is limited on account of the small surface to which they 
are necessarily confined, so that, if thousands of olfactory fibres are to 
function simultaneously, large numbers of them must be exposed to the 
chemical stimulus in the same hair. It is possible, too, that different 
nerve elements may be affected by different substances in solution ; and 
that consequently many olfactory elements are necessary for each hair, 
in order that different chemical stimuli may be perceived. 

2. The Neuron Theory. 

The conditions found in the sensory nerve elements of the otocyst are 
favorable to the neuron theory, in so far as they confirm the generally 
accepted idea that the nerve fibres are each differentiated from a single 
nerve cell, and that fibre and cell taken together form a trophic unit. 
This conclusion is borne out not only by the structural conditions 
already described, where each fibre is connected with only one peripheral 
ganglion cell, but also by an experiment which I made by severing the 
otocyst nerve proximal to its ganglion ; in this case after the lapse of a 
few weeks degeneration of the sensory fibres took place back into the 
brain. 

As to the modifications of the neuron theory recently proposed by 
Ap&thy C97) and Bethe ('98), — that the neurons are connected by 
fibrilbe, — the fibrillar structure of the fibres is confirmed by my prepara- 
tions, though no fibrillsB could be demonstrated in the nerve cells. In 
regard to the definite connection of the neurons with each other by con- 
tinuous fibrils, such as Apdthy figures and describes in the Hirudineae, 
my preparations gave no positive evidence ; but the fact that the cen- 
tral fibrillations of the nerve elements of the otocyst could not be traced 
to determinate endings, makes it quite possible that such a direct com- 
munication between motor and sensory neurons may exist. While Bethe 
proved that there were more fibrillse in a motor fibre than extended into 
its central ganglion cell, and also, that some fibrillsB entered the fibre by 
oue branch and at once passed out by another, in no case did he trace 
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a single fibril from one neuron into another. If such a eonnecuon 
between nerve elements had been demonstrated beyond a doubt, thej 
might still be considered as distinct trophic units, and the interdigitating 
iibrils uniting them as the products of separate neuron cells. In the light 
of the important discoveries of Apathy and Bethe, however, the old 
view, that the nervous impulses are transmitted from sensory to motoi 
neurons by the simple contiguity of their dendritic processes, may have 
to be abandoned for the more reasonable assumption of direct fibrillar 
communication. 



PART II. — PHYSIOLOGY. 

As Bethe has well said, the best of anatomical knowledge concerning 
an organ cannot be taken as certain evidence of its functions. It is 
only after these functions have been experimentally demonstrated, that 
we may ascribe them with confidence to the organ in question. 

Have we, then, any experimental proofs that the decapod Crustacea 
hear 1 If so, is the otocyst the auditory organ ; if not, what is its func- 
tion 1 These are the three chief questions which I shall attempt to 
answer. 

A. HISTORICAL SURVEY. 

Up to the time of Delage C87) the auditory function of the otocyst 
was accepted, and that alone. 

Minasi (1775) promulgated the idea that Crustacea could hear. The 
hermit crab, Pagurus, was more sensitive than man to sound vibrations. 
The tones of a distant bell, the striking of a clock, were, according to 
this worthy monk, perceived by Pagurus sooner than they were by 
him. 

iElianus (1784) notes that the fishermen of his time took Pagurus 
by means of music. 

All the older zoologists have regarded the otocyst as an oigan of 
audition. 

Hensen ('63) was the first to get experimental data. From the 
anatomical conditions found in the otocyst of the lobster, he argues as 
follows: Here are 468 auditory hairs upon which otoliths rest. Of 
these hairs no two are of the same size ; they, vary in a nearly continu- 
ous series from 0.72 mm. to 0.14 mm. in length ; thus the volume of 
the largest is to that of the smallest as 140 : 1. Comparing these 
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ratios to those of the volume of organ pipes, we should have, if the hairs 
retpanded to different satrnd vibrations, an auditory organ with a range 
of three octaves. 

To prove that his hypothesis was correct, sound leaves were conducted, 
by a mechanical contrivance modelled after the middle ear of mammals, 
into the water of a vessel containing Mysis, the so-called auditory hairs 
of which were under observation by the microscope. When notes of 
a certain group were sounded on a musical instrument, a certain hair 
would vibrate and disappear from view. Others would also respond, but 
each to different sets of notes. 

Having proved that the different hairs responded to different sound 
waves, Hensen next determined that Crustacea would react to vibratory 
stimuli. A resonant bar of wood was floated in a vessel containing free- 
swimming individuals of the genera Mysis and Palsemon. When the bar 
was struck, both forms responded by a strong leap away from the source 
of the sound. Palaemon reacted even more strongly when rendered 
sensitive by gradual strychnine poisoning. 

Milne-Edwards (*76), Jourdain (*80), Delage ('87), and many others 
have accepted the sense of audition in Crustacea as a fact. 

Garbini ('80, p. 192) uncritically remarks: **Che i crostacei odano 
e indubitato ; lo sanno anche i pescatori, i quali devono avvicinarsi loro 
iu silenzio** (That Crustacea hear is undoubted ; this the fishermen know 
well, who, when they capture them, approach in silence). 

Individuals of Palaemonetes varians, which he kept in an aquarium, 
sprang backward at the slightest sound. 

Delage ('87) was the first to discover another function than that of 
audition for the otocyst. By cutting off or destroying the sacs, he 
proved that they functioned also as organs of orientation. Animals so 
operated upon (Mysis, Palsemon, and Polybius among Crustacea) were 
unable to keep their normal upright position in swimming. Blinding 
intensified the effect, showing that sight aided in orientation. 

The otocyst may therefore, in his opinion, be compared to the sim- 
plest form of the vertebrate ear, — that found in Myxime, — where the 
semicircular canals apd utriculus serve the purpose of orientation, the 
sacculns that of audition (to intensity of sound). In the otocyst of 
Crustacea both functions are performed^ he believes, by the same 
organ. 

Verwom C91) proved that the otocyst of Ctenophores served simply 
for orientation, not being sensitive to sounds. 

Bunting ('93) confirms the conclusions of Delage as to the function 
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of the otocjst in geotropic orieutation. When the otocjsts of joung 
crayfish were destroyed, especially if their chelae were also removed to 
render their position in the water less stable, there was the same loss of 
power of orientation that had been observed by Delage. 

Kreidl ('93), in order to avoid the disturbance to the normal condition 
caused by the removal of the otocysts, made use of the following in- 
genious experiment : PalsBmonetes newly moulted, and thus without 
otoliths, were placed in filtered water to which iron filings were added 
The otocysts were soon filled with the metallic particles, the chelee being 
used to convey them to the opening of the ear in the dorsal wall of the 
antennule. When now a strong electromagnet was held at one side of, 
and slightly above the sacs containing the iron otoliths, the shrimp 
would lean a little to one side, its dorso-ventral axis, normally coincident 
with the direction of gravity, pointing away from the magnet. This new 
position of the dorso-veutral axis is proved by mechanics to be the 
resultant of the two pulls, that of gravity and that of the magnet, the 
animal accommodating itself to the direction of the resultant of the two 
forces. If the magnet were held to the right of the animal, the otocysts 
would be stimulated in precisely the same way as by gravity alone when 
the shrimp's dorso-ventral axis is artificially turned toward the right ; 
the result is that it attempts to recover its normal position with reference 
to gravity, and thus turns its vertical axis away from the magnet. Kreidl, 
going a step further than his predecessors, affirms that the otocysts are 
not auditory, but exclusively static in function. Thus they should be 
called iUUo-cystSy not oto-cysts. 

Still further evidence as to their static function is supplied by Clark 
('96). The compensation movements of the eyestalks of the fiddler 
crab (Gelasimus pugilator) and the lady crab (Platyonichus ocellatus) 
were observed. Tilting a normal animal about its antero-posterior axis 
gave a parallel compensating movement of the eyes through an angle 
of 35*^ to 45°, whether the tilting was to the right or left. On rotation 
about the dorso-ventral axis, no such movements are shown, though 
when rotated about the lateral axis, the animal's eyes moved in the 
opposite direction through an angle of 35°. 

If both otocysts were removed, these compensative movements were 
much reduced, and the general movements of the crab also became 
very uncertain. 

After removal of one otocyst 94 per cent of the animals showed on 
rotation toward the uninjured side less compensation than uninjured 
animals. Blinding produced only a slight reduction in the compensatory 



Digitized by CjOOQ IC 



PRENTISS: THE OTOCYST OF DECAPOD CRUSTACEA- 221 

motions, but when, in addition to this, both otocjsts were destroyed, 
compensatory movements completely disappeared. 

Bethe ('97), in his physiological work on Carcinas maeuas, confirms 
Clark's results. In a previous paper he ('95*) observes that MysU can 
hear after the otocy$U have been destroyed^ but with difficulty ; also that 
the animals are more sensitive to low tones than to high. 

Thus, until 1898 three views were held as to the function of the 
otocysts : 

(1) That they are purely auditory organs (Uensen and the earlier 
loologists). 

(2) That they are both auditory and static in function (Delage and 
Bethe). 

(3) That they are purely static in function, i. e. organs of orientation 
(Kreidl, Clark, and others). 

To determine whether decapod Crustacea really hear, and if so, 
whether the otocyst is the organ of audition, is the aim of two papers 
by Beer ('98, '99). 

In criticising the conclusions reached by Hensen and Bethe, Beer 
remarks in his first paper that, because decapods were made to react to 
different sounds, does not prove that these Crustacea responded to true 
sound, or that they heard. These reactions may have been due to their 
feeling vibrations transmitted to the water from the walls of the vessel 
in which they were confined, — a tactile reaction, or, to use Bethe's term, 
a ** tango-reflex.'' Experiments with sounds produced in the air Beer 
cousidered superfluous, as it is a well-known physical fact that most of 
the sound waves are reflected from the surface of water. 

Beer found that Crustacea reacted strongly to sounds produced in the 
water by striking partially submerged bells, jars, etc., but only when 
tiie? were not at a greater distance from the source of sound than that 
Ht which vibrations could be detected by the hand immersed in water. 
The animals responded more strongly when near the walls of the vessel ; 
but vibrations could be felt by the hand also in this position more dis- 
tinctly, even though further removed from the source of the sound. 

For animals well supplied with tactile organs, he regards pure soimd 
or pure audition as impossible ; because vibrations could be felt as soon 
as heard, and, this being the case, audition would be useless. 

On removal of the otocysts, Palsemon and Palaemonetes still responded 
to sound waves produced in the water. There was, however, a slight in- 
hibition of the customary reactions, therefore the hairs of the otocyst 
aie probably slightly tactile as well as static in function. 
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From experiments on many different species of Crustacea, Beer (^90^ 
p. 31) concludes : '' Wir haben gute Griinde, dem in Rede stehenden 
Sinnesorgane der Krebse statiscbe Functionen zuzuschreiben, und haben 
vorlaufig gar keinen Anhaltspunkt, ihm Hdrfunctionen, ja den Rrebeen 
Uberliaupt Gehorsinn, zuznschreiben.'' 

Hensen's statement that the free auditory hairs of Mysis vibrated to 
different musical notes is simply an interesting physical £eu^. Hairs on 
the back of one's hand will do the same, but they are not auditory. 
The true sense of hearing is lacking not only in Crustacea, but probably 
in all other water-inhabiting animals lower than Amphibia, especially in 
^ invertebrates. 

Beer thus comes back to the opinion of Johannes MGller ('37) ex- 
pressed sixty years before : That in most invertebrates we find uothitig 
comparable to the ear ; and any reaction to sound vibrations should be 
attributed to a tactile rather than to an auditory geme* 

A few months later Beer ('99) brought out a second paper, describing 
his experiments with blind shrimps, and answering a criticism of his pre- 
vious work by Hensen C^9). Here the auditory sense, he urges, ought 
to be intensified, all possibility of sight entering as a &ctor into the 
experiments being effectually eliminated. The conclusions reached by 
him in his earlier work are verified in this. 

General Criticism. 

It is a noteworthy fact, that in the experimental work done to deter- 
mine the function or functions of the otocyst, few of the investigators 
have acquainted themselves with the finer structure of the organ under 
consideration ; one of the essentials for successful physiological work is a 
complete knowledge of the anatomical side of the subject This is well 
illustrated in Bethe's work on the brain of Carcinas, where anatomical 
facts, obtained by means of methylen blue, laid the groundwork for bis 
later confirmatory experiments. 

Since the dissections by Hensen, little or no morphological work has 
been done on the otooysts of the Braohyura, yet a deal of physiological 
work has been attempted. 

The experiments of Beer are beautifully worked out, and logical in 
sequence ; yet, while he tried experiments on water-inhabiting animals, 
no attempt was made to experiment on amphibious decapod Crustacea, 
such as the fiddler crab. These animals, spending, aa they do, a good 
share of their life on land, would certainly have more need of an auditory 
organ than decapods which are always beneath the surface of the water. 
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B. EXPEBIMENTS AND OBSERVATIONS. 

I. The Otooyst as an Auditory Organ. 

That the responses of water-inhabiting animals to atmospheric sounds 
is nothing more than a myth, has been too well proved by Beer to need 
farther investigation. The well-known physical fact that the larger 
part of the sound waves are reflected from a liquid surface is enough in 
itself to confute fables of fishes and Crustacea hearing, and coming to be 
fed at the sound of a bell. But since in the case of responses of decapod 
Crustacea to sound vibrations conducted into the water, the experiments 
of Beer contradict Hensen's earlier results, repetition of Beer's work, 
though perhaps not absolutely necessary, may not be out of place. 

Methods. 

The shrimps to be experimented upon (Paleemonetes) were placed 
in glass vessels 40 cm. in diameter and 20 cm. deep. Sound waves 
were conducted to the water by means of a steel pipe one inch 
in diameter and about two feet long, which was firmly clamped at 
its upper end and projected into the vessel containing the shrimps ; a 
brass rod was in some cases substituted for the pipe. The pipe and rod 
were set into vibration either by striking them with a hammer, or by 
drawing across them, bowlike, a strap of rosined leather. Sounds were 
also produced by striking glass jars suspended in the water, and by 
striking the sides of the aquarium itself. The movements made in pro- 
ducing the sounds were completely screened from the view of the 
shrimps by pieces of cardboard placed over and at one side of the 
vessel, a small aperture being left for observing their reactions. 

Paladmonetes could be made very sensitive to all nervous stimuli by 
leaving them over-night in sea water containing from O.l to 0.2% of 
sulphate of strychnia. This solution is fatal to a small fish (Fundulus) 
in five minutes ; many of the shrimps die, but the sensory apparatus 
of those which remain alive is rendered abnormally acute. Blinding 
was accomplished by simply painting the e^estalks with a thick coat of 
lampblack and shellac ; the otocysts were removed by means of a fine 
hooked needle, with scarcely any other injury to the animal. 

1. Responses of PcUcemonetes to Vibrations transmitted to Water, 

a, Normcd Conditions, Under normal conditions, when sound vibra- 
tions were transmitted to the water, normal animals responded by a 
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slight leap backwards or to one side, if the source of the sound was 
within a distance of 20 cm. If an animal happened to be near the side 
of the vessel, and the sound was produced near the opposite wall 40 cm. 
distant, the response would be, not a darting away from the source of the 
ioundy but a leap back from the side of the vessel toward the source of the 
sound. Again, if an animal was facing the side of the aquarium with 
its antennae in close proximity to it, and the opposite wall was sharply 
tapped with the finger-nail, or lightly with a hammer, the shrimp, as 
before, sprang away from the side of the vessel totaard the source of 
the stimuliis. The response was usually well marked, a leap of from 10 
to 15 cm. being made. 

6. Poisoned with Strychnine. The responses obtained were invariably 
much stronger and more uniform with animals poisoned by strych- 
nine in the manner stated above, than with normal shrimps. In other 
respects they were the same, aud served merely to emphasize the results 
obtained by the first experiments. Blinded individuals showed practi- 
cally the same reactions^ but to make sure that the factor of vision 
was effectually cut out, the eyestalks of the shrimps in the succeed- 
ing experiments were all painted. 

c. Both Otocysts removed. Of animals from which both otocysts 
had been removed, all but one gave a more or less strong response 
to the sounds conducted into the water in which they were swimming. 
The reactions were not as marked, nor could they be produced at as 
great a distance from the source of the sounds as in the case of normsil 
animals. Nine individuals were affected by the stimulus when at a 
distance of about 10 cm.; the rest, only when in still closer proximity. 
A slight jar imparted to the walls of the aquarium produced essentiallj 
the same responses as the transmission of sound to the water by meaiis 
of the vibrating pipe or rod. Removal of the otocysts has, therefore, 
only a very slight inhibitory effect upon the responses called forth by 
sound-wave stimuli in normal or strychnine-sensitized animals. 

d. Removal of AntenfUB and both Antennules. The removal of the 
antennae and antennules, which bear large numbers of delicate tactUe 
hairs, very much reduced the reaction of the shrimps to these vibratory 
stimuli. Only when an animal was in close proximity (5 cm. or less) 
to the source of the sound, or in contact with the walls of the vessel, 
would it respond, and then only feebly. Slight jarring of the aquarium 
produced no reaction, unless some part of the animal's body directly 
touched the sides or bottom of the jar, or was in contact with the sound- 
producing instrument. 
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The above experiments were duplicated on Crangon vulgaris with 
similar, though less marked results, as Crangon is much more sluggish 
than Palsemonetes. 

A third set of experiments was tried with Virbtus zoftericola, a 
shrimp-like decapod without otoeysis. Normal animals responded vigor- 
ously on striking a glass jar partially submerged beneath the water in 
which they swam. This response, much increased by strychnine 
poisoning, was distinctly diminished when both antennae and antennules 
were removed. 

«. Mecming of thsie JSxperimenti. All of my experiments confirmed 
the conclusion of Beer, that free-swimming decapods, whether possessing 
otocysts or not, will respond to stimuli which are transmitted to them 
hy the liquid medium they inhabit. The next question is, to determine 
whether this response is caused by the perception of sound waves or by 
the coarser vibrations or jars imparted to the water. In other words, 
have we to do with true audition or with the sense of touch f 

Beer has clearly shown that there is no such thing as the transmission 
of pure sound waves from air to water. Coarser waves are imparted to 
the liquid simultaneously with those of sound, and can readily be felt 
by the immersed hand. 

After making a number of trials with sounds produced as in the pre- 
ceding experiments, I ascertained that the vibrations not only could be 
plainly felt by the submerged hand, but also that they could be felt at 
a distance from 10 to 20 cm. greater than that at which the shrimps would 
react. This fact does not at all prove that the animals experimented 
with do not hear, but merely shows that the responses supposedly pro- 
duced by sound stimuli may be simple tactile reflexes, called forth by 
vibrations which, since appreciable to the immersed fingers, we may cer- 
tainly assume to be/«& by these animals, so well supplied with delicate 
tactile organs. 

That the reaction is really due to tactile stimulus rather than to audi- 
tion, is indicated by several facts brought out by the experiments : 

(1) Animals, when near the wall of the vessel, even though distant 
from the source of the sound, respond vigorously, leaping vwag from the 
waU and toward the sound. The wall is set into vibration by the pro- 
duction of the sound, and it is apparently this vibration which affects 
them, rather than the true sound-waves imparted to the water. 

(2) The average distance from the source of the sound at which they 
will respond is less than that at which vibrations may be felt by the 
hand. 
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(3) Eemoval of the antennae and nutennules which are supplied with 
numerous tactile bristles, inhibits the reaction. 

(4) Decapods, such as Yirbius, normally without otocysts respond 
vigorous^ ; but removal of antennee and antennules diminishes their 
sensibility in a marked degree. 

(5) Precisely the same responses as were called forth by the produc- 
tion of sound were also obtained by simply tapping or jarring the walls 
of the aquarium. 

Whether due to tactile stimulus or to audition, the fact remains, that 
the otocyst has little or no part in producing the reactions observed in 
the series of experiments ; for (1) decapods normally without otocysts 
respond as vigorously to the same stimuli as those possessing them, and 
(2) the removal of the sacs from the latter has only a very slight in- 
hibiting effect, which might be due either to the loss of these organs, 
or to the injury of the nerves supplying the many tactile bristles of the 
antennule. 

Consequently, the otocyst not being the organ by stimulation of which 
responses to sound vibrations are called forth, and there being no other 
sensory apparatus in Crustacea especially differentiated for the reception 
of sound waves, we are led to the conclusion tliat iu decapod Crustacea 
a true auditory organ is wanting. 

The acute tactile sense of decapods may to some extent serve the 
same purpose that audition does in vertebrates. In mammals the senses 
of touch and hearing grade into each other. The range of the average 
auditory organ in mammals is from 30 to 16,000 vibrations per second ; 
waves of less than 30 vibrations per second do not usually produce audi- 
tory sensations, but are appreciable to the tactile sense. It is important 
to note that decapods respond most vigorously to low notes, and not at 
all to high notes or sounds produced by very rapid vibrations. This 
fact would seem to be good evidence that the vibrations imparted to 
the water and perceived by decapods correspond to those which produce 
tactile rather than auditory sensations in vertebrates. 

2. Responses of GeUmmus pvgilator {Brachyuran decapod). 

a. To Vibrations transmitted to Water, On the conduction of sound 
waves to water by the same means as in the preceding experiments, these 
fiddler crabs responded, but by no means as vigorously as did the Ma- 
crura. They always rested upon the bottom of the aquarium, and 
reacted by retiring slowly, either from the source of the sound, or from 
the vibrating walls of the aquarium. In either case the response took 
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place only when the animal was within a few centimetres of the vibrat- 
ing surface, and was most marked when the antennse and antennules 
were in close proximity to it. After blinding the animals and removing 
their otocysts, no apparent difference could be detected in the reactions 
called forth, as compared with those of normal crabs; removal of the 
first two pairs of appendages caused, on the contrary, the responses to 
almost completely disappear. 

b. To Atmoipherie Sounds, As the fiddler crab is on land a large 
part of the time, a number of experiments were tried to determine the 
effect of aerial vibrations upon them when they were feeding under per- 
fectly normal conditions. A position for observation was selected near 
a bank which was completely honeycombed by their burrows, where 
oue could see the animals perfectly well, and yet be screened from their 
view by intervening bushes. If one remained perfectly motionless, the 
animals would come within a short distance of the observer's place of 
concealment, feeding as unconcernedly as if no one were near. When a 
number of crabs were little more than five feet distant, a horn was blown, 
care being taken to direct it away from them. Although a sound was 
thus produced loud enough to be heard at some distance, all the animals 
continued to feed undisturbed. 

The striking together of two stones, and the sound produced by strik- 
ing an iron pipe with a stone (the objects in both cases being held in 
the hand) also had no effect upon them. On striking the ground with 
a heavy stone all the crabs within a radius of ten or twelve feet were 
startled ; some of them merely stopped feeding, while others scuttled 
into their burrows. The same result was brought about by simply 
stamping upon the ground. If a quick movement was made in the 
sight of the animals, they at once scattered precipitately to their holes. 
These observations were repeated a number of times, and on crabs of 
two different localities, with the same results. 

From these experiments and observations, we may draw the conclusion 
that the fiddler crab, whether in water or on land, does not respond to 
true sound-stimuli, but is affected only by jars or vibrations transmitted 
to the water or to the ground. In neither case can they be said to hear. 
When feeding upon land they do not depend upon an auditory sense to 
protect them from terrestrial enemies, but rely entirely upon their keen 
vision and delicate tactile organs. 

The statement is generally accepted, that all animals which produce 
soands also have a sense of hearing, and this is advanced as an argu- 
ment in favor of audition in Crustacea. The two well-known examples 
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of sound production among decapods, observed by T. Parker ('78) and 
Croode ('78), are (1) the stridulation of the rock lobster, Palinurus, where 
the sound is produced by rubbing the second segment of the antenna 
against the antennule, and (2) the pistol-like report produced by Alpheiis 
in snapping together the claws of the great chela. As Beer has pointed 
out, the otocyst is poorly developed in Palinurus ; furthermore, no in- 
dividuals of either species have ever been observed to respond in any way 
when these snappings or stridulations were produced. 

We can no more argue, from these two instances of sound production 
in decapods, that there is an auditory function in all Crustacea than 
we can that all fish hear because the drum-fish makes a sound. 

The enemies of water-inhabiting crustaceans produce no sonnda 
which would reveal their presence to their prey; the latter would 
therefore have to rely upon other forms of stimulation for the detec- 
tion of their foes. Even if it were admitted that they possessed a sense 
of hearing, yet, as shown both by Bear's experiments and by my own, 
it must be so restricted in range that they would be able to detect 
sound produced at no greater distance than that at which the vibra- 
tions could be felt by the hand. Such a dull sense as this would be 
of no practical value in protecting crustaceans from their foes. 

Both observation and experiment lead, then, to the following general 
conclusions : 

(1) The reactions formerly attributed to sound stimuli are nothing 
more than tactile reflexes. 

(2) The otocyst has little or no part in calling forth these reactions. 

(3) There is no direct evidence to prove that decapod Crustacea 
hear, and until such evidence has been obtained^ we are not warranted 
in ascribing to the otocyst a true auditory function. 

IL The Otooyst aa an Organ of Equilibration. 

All water-inhabiting, free-swimming animals which maintain a defi- 
nite position with reference to gravity either during locomotion or 
when at rest, can thus orient themselves only under one or the other 
of two conditions : 

Either the animal most be normally in a condition of stable equi- 
librium, keeping its definite position under the influence of gravity like 
any inanimate body; or, if a position of unstable equilibrium is main- 
tained, the animal must in some way be made sensible of the direction 
of gravity, and must keep itself in equilibrium by its own efforts. 
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In the first case merely the mechanical action of gravity is called 
into play; in the second instance, besides the outside action of a 
physical agent, a subjective sense of direction and orientation is 
involved. 

In free-swimming decapods the body, moving or at rest, is in a 
position of unstable equilibrium. The dorsal side being always kept 
uppermost, the centre of gravity is high up, and a dead individual or 
an inanimate object of the same size, form, and disposition of weight 
would at once turn over. These animals must then by some means 
be rendered sensible to the direction of gravity, in order to be able 
to maintain a definite position of unstable equilibrium with reference 
to it. To determine what are the oi^ns which perform the function 
of equilibration, the following means have been employed in the present 
investigation : 

(1) Removal, or prevention of the action of an oigan, and observa- 
tion of the effects on the equilibration of swimming or walking decapods. 

(2) Observation of the effect of such removal on the gimbol-like 
movements of the eyestalks (compensation movements) when the 
animal is rotated about its different axes. 

(3) Observations on the orientation of animals normally without 
otocysts. 

(4) The effect of the development of the otocyst on the equilibration 
of the free-swimming larvae. 

(5) The effect on equilibration of the addition of magnetic attraction 
acting on the otocyst at right angles to the pull of gravity. 

In these experiments blinding was accomplished by painting the 
eyestalks with a mixture of lampblack and shellac. The otocysts 
were removed under the lens of a dissecting microscope with the aid 
of a fine needle, bent in the form of a hook. Other parts, such as 
flagella of antennss and antennules, were simply cut off with a pair 
of fine scissora Palsemonetes vulgaris, being hardy, was the species 
chiefly employed, but experiments of a like nature were also carried 
on with Mysis, Grangon, and Gelasimus. A large number of trials 
were made with each species. When organs were cut off or destroyed, 
the animals so operated upon were kept under observation for from 15 
to 25 days, and the experiments were then repeated, in order to make 
sure that the effects observed directly after the operation were not due 
to abnormal conditions produced by nervous shock. 



VOL. XXX VX. — HO. 7 



Digitized by CjOOQ IC 



230 BULLETIN: MUSEUM OP COMPAEATIVE ZOOLOGT. 

1. The Removal of Sense Organs and its Effect on Equilihratifm. 

The normal position in which a shrimp, like Palsmonetes, holds 
itself while swimming, is very characteristic : 

(a) The dorsal side of the body is always kept uppermost, its dorso- 
ventral axis corresponding to the direction of gravity, and its long axis 
usually lying in a horizontal plane. 

(h) Shrimps can be overturaed only with difficulty, and even if this 
is accomplished, they right themselves at once. 

{c) Animals coming to rest upon surfaces not horizontal tend to 
keep themselves in the horizontal plane, but with the dorsal side 
always up. 

a. Eyes blinded. Nearly fifty animals were operated upon in this 
way and their movements observed. Placed in an aquarium, they swam 
about indiscriminately, but always with the dorsal side up, there being 
little if any rolling from side to side. They were not easily overturned 
artificially, and when interfered with, righted themselves quickly. The 
most noticeable difference to be observed between their movements 
and those of normal animals was the tendency to remain quiet and 
to hold fast to any object with which they came into contact, thus 
substituting the sense of touch for that of vision lost. It is apparent, 
therefore, that some organ or organs other than the eyes play the chief 
part in equilibration. 

b. Both Otocysts removed. Twenty-five animals were operated upon 
by removing both otocysts. In swimming there was still a strong 
tendency to keep the dorsal side uppermost, but there was in every 
case marked rolling from side to side, which occasionally culminated 
in a complete rotation about the long axis of the body. The animals 
could be easily overturned, and though they strove to right themselves, 
it was not accomplished as soon nor as accurately as in normal or blinded 
shrimps. They were more apt to remain quiet, or to swim along upon 
the bottom of the aquarium, than to swim free. If the long flagella 
of the first and second antennae were removed, rolling motions were 
increased and also the difficulty in righting themselves if overturned, 
the flagella being probably used as balancing organs in equilibration; 
but the extirpation of the otocysts alone brings about a marked loss of 
orientation, much more pronounced than that produced by simply 
blinding. 

c. Both Eyes blinded and both Otocysts removed. Upon removal 
of both otocysts and blinding of both eyes, entire loss of the normal 
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position in swimming resulted in twenty-one trials out of the twenty-five 
made. The animals turn over and over, rotating about the long axis, 
now iu one direction, now in the other ; they also pitch forward and 
backward about their transverse horizontal axis, and often swim upon 
-their backs. They do not resist overturning, unless holding to some 
stationary object, and make no attempt to right themselves when swim- 
ming free. The moment they come in contact with a horizontal sur- 
face, such as the bottom of an aquarium, they at once take up their 
normal position, righting themselves quickly, but if the surface they 
touch be oblique or vertical, and even if they come in contact with 
the under side of a horizontal surface, they cling to it tenaciously, 
taking up a position with reference to the plane of contacty and not in 
relation to the direction of gravity, as is the case with normal ani- 
mals. Thus the phenomena of orientation completely disappear in 
the majority of cases when both otocysts and eyes are rendered func- 
tionless, at least in the free-swimming animal. When the animal 
comes in contact with solid objects, the sense of touch asserts itself 
and the phenomena of orientation are again, to a certain degree, made 
manifest. 

d. One Eye blinded^ both Otocysts removed. The conditions here 
are essentially the same as when only the otocysts are extirpated. 
There is a well-defined rolling motion in swimming, and if overturned 
artificially, the animal is very slow in regaining the original position. 

e. Both Byes blinded, one Otocyst removed. In such experiments 
no effect was produced different from that brought about by blinding 
alone. There was no evidence of a tilting of the dorso-ventral axis 
toward the injured side, as might be expected, if the functions of the 
two otocysts were co-ordinated. Nor was there during swimming 
a rotation toward the side from which the otocyst had been re- 
moved. We may therefore conclude that in the phenomena of equi- 
libration each otocyst, as well as each eye, acts independently. 

As check experiments, both antennules were removed distal to the 
otocysts. No abnormal conditions were produced in swimming move- 
ments, the wounds healed, and these individuals lived in aquaria as 
long as normal animals. Where the otocysts were extirpated, individ- 
uals were kept as long as four weeks, and after this interval, when 
blinded, they gave the same evidences of loss of orientation as they did 
immediately after the operation. 

These observations, made upon Palaemonetes, were found to hold true 
also for Crangon, Mysis, and lobster larvae. Experimentation with the 
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fiddler crab gave like results. If blinded and deprived of otocysts, the 
crabs rolled both forward and backward when walking or running; 
this effect was still more apparent when the animals were placed in the 
water. 

2. Bemoval of Sense Organs and its Effect on the Oompensatian 
Movements of the Eyes. 

The following experiments^ carried out on Gelasinus pugilator, confirm 
the work done by Clark ('^6). When a crab is tilted to the right or 
left, forward or backward, the eyestalks tend to keep their original direc- 
tions, thus seemingly moving through a certain angle. Such move- 
mentSy which have been observed also for the head and eyes of many 
vertebrates and insects, are called compensation movements, and the 
angle of movement, the angle of compensation. 

The angle of compensation in the fiddler crab was measured by means 
of the apparatus described by Clark ('96), a small table to which the 
animals could be securely fastened and tilted about their chief horizontal 
axis. A scale ruled to degrees enabled one to read accurately the angle 
of compensation, and the angle through which the animal was turned. 
The long eyestalks of the fiddler crab make it easy to determine the 
angle of the eye movements. 

The angle through which the animals were turned was in all cases 
45^ first to the right, then to the left, about the chief, or longitu- 
dinal axis of the body. In each experiment fifty animals were used, the 
average being taken as the angle of compensation. These animals were 
most of them kept twenty days, and the angle then measured again, 
thus guarding against abnormal conditions. 

a. Normal Animals. In normal crabs the eyestalks are so held as to 
make an angle of about 22^ with the vertical. The eye movements are 
always correlated, and if the animal's body is tilted to the right (45^) 
the right eye makes a compensating movement of 18® upward, the left 
eye one of 25^ upward ; rotated to the left, the conditions are just re- 
versed, the right eye now moving through an angle of 25®. The move- 
ment of the eye of the side toward which the animal is rotated is id 
each case less by about 7® than that of the other eyestalk. This is due 
to interference of the carapace with the eyestalk, preventing its passage 
through a greater angle. 

h. Both Eyes blinded. Tilting either to right or left had the same 
general effect as in normal animals, but the right eye described an arc 
of only 13®, the left eye one of 20®, or vice versa. There is thus t 
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marked reduction in the angle of compensation, a decrease of about 5^, 
as compared with normal animals. This shows clearly the extent to 
which vision enters into the orientation of these animals. 

e. Both OtocygU removed. The angle of compensation is here reduced 
to 3^ and 5^, respectively, for the eyestalks on the side toward and from 
which the rotation takes place. Even without rotation the positions in 
which the eyes are held are not definite, as they are in animals which 
possess otocysts. The stalks often make an angle of 40^ or more with 
the vertical, and their movemeots are no longer correlated. This, 
together with the marked decrease in the angle of compensation, as 
compared with that of blinded animals, makes it evident that in 
equilibration and orientation the otocyst plays a much more impor- 
tant part than does the organ of vision. 

d. Both Eye» blinded and both OtocysU removed. On rotation it was 
found that the compensatory movements of the eyestalks were practically 
wanting. Two individuals only out of fifty showed movements of from 
3° to 5®. In the greater number of cases no movement could be de- 
tected, and in the remainder the angle averaged less than 1^. There was 
a still greater tendency for the eyestalks to be held in indefinite positions 
when at rest, and at unequal angles. Fifteen such individuals were kept 
in an aquarium more than twenty days, and after this lapse of time 
practically the same results were obtained, showing that the shock of the 
operation of removing the otocyst had no effect upon the results of the 
experiments. Furthermore, removal of the antennules distal to the oto- 
cysts had absolutely no inhibiting efiect upon the movements of the 
eyestalks. 

This series of experiments corroborates, as far as they go, the conclu- 
sions of Clark ('96). It is clear from them that the otocyst is the chief 
organ in equilibration, though sight also plays an important part in the 
orientation of these animals. 

Since the above work was done (July, 1899) a paper has been pub- 
lished by Lyon (^99) on the comparative physiology of compensatory 
movements. These movements were studied by him in many vertebrate 
and invertebrate forms; they were found to exist in insects as well as 
Crustacea. Using the crayfish, he confirms Clark's results to some extent, 
but finds that on. blinding the animals and removing the otocysts a con- 
siderable angle of compensation still persists. This, together with the 
fact that insects, which lack otocysts, show the characteristic movements, 
he uses as an argument against the otocyst being an organ of equilibra- 
tion. Lyon also finds that upon rotation about a vertical axis there is a 
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compenflation movement of the eyestalks of the normal crayfish through 
an angle of 10^ to 18° ; and, further, that when the animal is rotated 
ahout its long axis blinding causes a diminution of 10% in the angle of 
compensation. His results therefore give a much more important place 
to vision in orientation than do the conclusions of Clark and rojselfl 
However, from the combined results of the experiments of Clark, Lyon, 
and myself, one cannot avoid the conclusion that, in the fiddler crab at 
least, the otocyst is by far the most important organ in equilibration ; 
next in order comes vision, and then muscular and tactile sense. 

3. EquilibrcUion ofAnimaU normally without OtoeysU. 

Virbius zostericola, a shrimp quite common at Wood's Hole, Mass., 
does not possess otocysts. Observation and experiment brought out 
several interesting facts concerning it. In the first place, it is not a free- 
swimming form. Its normal habitat is on the eel grass, to which it 
clings in positions indifferent to the direction of gravity. When forced 
to swim, it does so in a very uncertain manner, with the dorsal side usa- 
ally uppermost, though this is a position of unstable equilibrium. If 
overturned artificially (and this is easily accomplished), it rights itself 
slowly and will cling to the first object it may chance to touch. Re- 
moved from its supporting blades of eel-grass, its unstable manner of 
swimming closely resembles that of shrimps in which the otocysts have 
been destroyed. If the eyestalks are painted with lampblack, and the 
animals so treated are placed in a large aquarium, and forced to swim, 
apparently all sense of direction and means of orientation are lost. 

4. The Effect of the Development of the Otocyst on the Equilibration of 

Lobster Larva, 

As has been shown in the morphological part of this paper, there is no 
otocyst in the newly hatched larva of either Palaemonetes, the lobster, 
or the crab, nor is there a functional organ during the first three larval 
stages. It begins to invaginate only in the second larval stage, and it is 
merely a shallow cup-like depression in the third stage ; not until the 
next moult do the sensory hairs and otoliths appear. 

When we examine the conditions as to equilibration and manner of 
swimming in the different larval stages, we find that in the first larva 
the body is not definitely oriented while swimming. Newly hatched 
lobsters are very unstable in their movements, often swim or come to rest 
upon their backs or sides, and show a tendency to roll from side to side 
while swimming. The animal swims by means of the exopods of ths 
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thoracic appendages ; the abdominal segments are flexed ventrallj, and 
the thoracic eudopods, hanging down, steady the rolling motions some- 
what. In the second stage the conditions are essentially the same. 

In the third stage the larvae are more stable, though the otocyst 
is still functionless. This greater stability is explained when the 




Figure B. 

Lateral view of lobster larva of the third stage, showing swimmiiig position. 
Magnified 6 diameters. 

swimming position of the body and appendages is observed (Fig. B). 
The thoracic appendages are now relatively large, as compared with the 
size of the body. They are allowed to hang down ventrally, and in 
conjunction with the curved condition of the abdominal segments, serve 
to lower the position of the centre of gravity in the whole animal, thus 
rendering its swimming position much more stable. 




FlOURS C. 



Lateral view of lobster larva of fourth stage, illustrating the change in swimming position 
dne to the presence of a functional otocyst. Magnified 6 diameters. 

Turning now to the fourth larval stage, we find the swimming posi- 
tion of the body entirely changed (Fig. O). The abdomen is no longer 
flexed and curved ventrally, but is held in approximately the same 
horizontal plane as the cephalothorax, while the thoracic appendages, 
instead of dragging downward through the water, are held up and for- 
ward in a line parallel with the long axis of the body. The great chelae 
project in front like the arms of a person preparing to dive, the exopods 
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of the thoracic appendages have been lost, and the larvae now swim 
swiftly bj means of the abdominal swimmerets. 

Although, from the position in which the body and appendages are 
held, the larva is in unstable equilibrium, it now orients itself very 
definitely during locomotion, in sharp contrast to the preceding stages. 
All signs of rolling from side to side, or pitching forwards, are com- 
pletely lost. The larva swim straight ahead with the body held 
usually in a horizontal plane and dorsal side up. The same position is 
also invariably maintained when the animals come to rest. 

Thus this sudden change as to form and swimming position in the 
fourth larva, unfavorable though it is for equilibration, is yet accom- 
panied by more delicate powers of orientation, and greater stability in 
swimming than are met with in the three earlier stages, where the 
centre of gravity of the animal is lower. Bearing in mind the fact that 
the otocyst first becomes functional in the fourth larval stage, we can 
only conclude that an intimate connection exists between its appearance 
as an active organ, and the delicate static sense which is suddenly 
exhibited by the larvae. 

If larvae of the first, second, and third stages are blinded, their 
powers of orientation are almost entirely lost, but the same experiment 
has little or no efifect upon the equilibration of the fourth larva. The 
first three stages thus depend mainly on visiou for their imperfect ori- 
entation ; in the next stage this function has been largely transferred 
to the otocyst. 

A similar correlation between the development of the otocyst and the 
appearance of a static sense is found in the metamorphosis of the crab. 
The pelagic unstable Zoea larva is without otocysts, while the Megalops 
larva, which exhibits perfect powers of equilibration, possesses these 
organs well developed, and even containing otoliths, which are absent 
in the sac of the adult. 

The correlation which evidently exists between the formation of the 
functional otocyst and the sudden increase in static powers exhibited 
by lobster larvae is particularly well shown in the marked alteration in 
the swimming position maintained by the fourth larva, as compared 
with that of the three earlier stages. Previous to the fourth stage, the 
lack of a delicate static organ is compensated for by the maintenance 
of an attitude in swimming which increases the stability of the moving 
body. Just as Bethe C95) found that Mysis, deprived of its otocysts, 
would afber an interval of some days recover its power of orientation by 
ciuving the abdomen upward and thus, by lowering the centre of gravity, 
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put the body in natural equilibrium, so in the case of the first three 
lobster larvse, the attitude maintained is an adaptation for the greater 
stability of the free-swimming animal, as yet without static organs. 
But when^ in the next stage, the otocyst becomes functional, such an 
adaptation is no longer necessary, and the sudden change to the un- 
stable swimming position of the fourth larval stage results (Fig. C). 
This is the more natural attitude, and is advantageous to the animal 
in that it allows of greater speed in swimming. 

5. The Function of the Otoliths. 

At tlie time when the otocyst was regarded as an auditoiy organ, the 
otoliths were supposed to act simply as intensifiers of the sound vibra- 
tions, but viewing the sac as a static organ, the r61e played by the 
otoliths must assume a different aspect. The fact that they are want- 
ing in the Brachyura, which nevertheless exhibit strong powers of 
orientation, might be used as an argument against their playing any 
important part in eqtiilibration. But as they are present in the larval 
crab, and as they disappear only when the otocyst becomes highly 
differentiated, and when sensory hairs much more delicately constructed 
than the otolith bristles are developed, this argument loses most of its 
weight. 

For determining the functions of the otoliths two methods may be^ 
employed : (a) Observing the effect on equilibration and orientation 
following the removal of the otoliths, or the prevention of the normal 
process of taking them in after ecdysis. (b) Substitution of iron dust 
or iron filings for the otoliths, and the employment of an electro-magnet 
to modify the action of gravity. If the otoliths are static in function^ 
the animals should orient themselves with reference to the resultant of 
the attraction of the magnet, and the pull of gravity. 

The first of these methods was attempted by Kreidl ('94), but failed, 
as he was unable completely to remove the otoliths. His results with 
the second method of experimentation were definite and affirmative. 
Lyon (*99) att-empted to repeat and verify KreidFs work, but his experi- 
ments were incomplete and negative in their results. 

Otoliths, always normally present in macrnran decapods, are lacking 
for only a short time after ecdysis. So short indeed is this interval, 
that it is extremely difficult to find otocysts of newly moulted animals 
which are without otoliths. Nor is it usually possible to prevent a 
crustacean which has been observed to cast its test, from getting new 
otoliths into the sac ; at least not for a sufficiently long period to allow 
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the animal otherwise to regain its normal condition. Even if placed at 
once in filtered water, some otoliths soon make their appearance, probably 
originating from the excreta of the animals themselves. 

In lobsters the larvae regain their normal condition within a much 
shorter interval after ecdjsis than do adult individuals ; their digestive 
tract is also much less likely to contain material suitable for the formar 
tion of otoliths. Therefore, after trying in vain to completely remove 
the otoliths from the sacs of Crangon and Palsemonetes, my attention 
was directed to lobster larvee as much more favorable material than 
the adult shrimps. As they moult at intervals of a few days, it is also 
much easier to obtain them directly after ecdysis or in the very act 
itself. So obtained, and placed at once into filtered sea water, larvae of 
the fourth stage may be kept without otoliths for from twenty-four to 
forty-eight hours, and a fiivorable oppoitunity is thus given for observing 
the effect produced by the lack of otoliths on the equilibrium of the 
animals. 

Observations were made on eighteen larvae of the fourth and fifth stages, 
all of them being kept fi'ee from otoliths for at least twelve hours. Within 
two hours after moulting most of them swam about actively, and ate 
greedily when fed with bits of crab's liver. In swimming, however, they 
show distinctly the phenomena manifested by shrimps which have been 
deprived of their otocysts. There is both " rolling " from side to side, 
and "pitching" forward and backward; often they swim with the 
ventral side uppermost. Much more easily overturned than normal 
larvae, they do not right themselves at once, but if turned upon the 
back, will continue to swim in that abnormal position. If blinded, 
the loss of equilibrium is still more marked. All these conditions 
are in strong contrast to the actions of the normal free-swimming larv» 
of these stages, which conduct themselves in the characteristic manner 
already described for Palsemonetes. 

The observations having been made and recorded, the animals were 
killed, and the otocysts dissected out and examined under the micro- 
scope. Scarcely a particle of inorganic matter was found in the sacs 
of sixteen larvae. In two individuals a few small grains of sand were 
found in one otocyst, but the other was entirely destitute of otoliths. 

From the number of cases observed it seems safe to conclude that the 
otoliths do play an important part in equilibration, and that it is the 
pull of gravity upon them which stimulates the sensory hairs of the sac 
If the loss of the power of accurate orientation were to be attributed to 
the abnormal conditions resultant upon ecdysis, it might be said in 
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reply that the larvsB were perfectly normal when observed, as far as 
feeding and active swimming were concerned^ and fuithermore that the 
loss of equilibration disappeared at once when a larva without otoliths 
was allowed to obtain them. The results of these observations are 
also couBrmed by the following experiments. 

The otoliths were removed from the sacs of Palsemonetes by lifting 
the hd which covers the aperture, and forcing a fine jet of water into the 
cavity. Most of the sand having been thus washed out, the animals 
were placed in an aquarium upon the floor of which iron filings had been 
scattered and were allowed to remain until the iron particles had been 
taken into the sac in place of grains of sand. As an electromagnet, a 
steel bar 8 inches long and one quarter of an inch square was used. 
This was ground down nearly to a point at one end ; about the other 
end were wound many layers of line copper wire, the termini being 
connected with the circuit of a small six-celled battery. The shrimps 
employed in the experiments (Paleemonetes) were blinded by the usual 
method, — painting the eyestalks with a mixture of lampblack and 
shellac. The pointed end of the magnet was held about 3 cm. from the 
otocysts, at one side of and a little ventral to them. Animals with 
normal otoliths, if blinded, do not respond at all, and are apparently 
unaffected by the proximity of the magnet; they keep their normal 
position, dorsal side up, with the sagittal plane of the body coincident 
with the direction of gravity. If not blinded, they simply move slowly 
away fi-om the magnet when it approaches too near. When, however, 
the magnet is brought into close proximity to otocysts containing iron 
filings, the dorsal side of the animal is turned, not toward the magnet, 
as might be expected if the changed position were due directly to the 
action of the magnet on the iron filings, but away from it. If the 
magnet was changed to a position on the other side of the shrimp, the 
turning was in the opposite direction, still away from the source of 
attraction. 

The above reaction was distinctly noted a number of times for each of 
the six animals experimented upon. As Kreidl's work was fairly com- 
plete, only one series of experiments was tried in confirmation of his 
results. When the observations had been completed, the antennules of 
the six shrimps were removed and the otocysts examined under the 
microscope. In each case particles of iron were found nearly filling 
the sac, and if a magnet was held close to one of the latter, the whole 
antennule was lifted by the attractive force, showing clearly that there 
must have been an effective magnetic pull upon the otoliths of the live 
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animals daring the experiments. I believe there is only one explanation 
for this turning of the body away from the attracting force, and that is 
a very simple one. Under normal conditions the body of the shrimp 
is oriented with reference to gravity, and its dorso- ventral axis ap- 
proximately corresponds to the direction of this force. If the shrimp 
rotates around its chief axis either to right or left, say 90°, the direc- 
tion of the pull of gravity on the otoliths is at once changed, and through 
the medium of the latter other sensory hairs of the sac are stimulated. 
As a result, the shrimp turns back in a direction opposite to that in 
which it was rotated, until it is again iu a normal relation to the 
direction of gravity. The employment of the magnet has no other 
effect than merely to change the direction of the oiientiug force. This 
is now no longer that of gravity alone, but the resultant of the two com- 
ponent forces, gravity and the pull of the magnet. The animal now 
maintains its swimming position in reference to this new line of attrac- 
tion, its dorso-ventral axis coincident with that line, and as a result the 
dorsal side is turned away from the magnet. To put it in another way, 
when the magnet is held close to the right side of the otocyst, the 
animal is stimulated precisely as it would be if rotated to the right 
45°, and it responds as it would normally in righting itself, L e., by 
turning its body in the opposite direction through an angle sufficient 
to make its dorso-ventral axis coincide with the direction of the attrac- 
tive force ; in this case through an angle of 45°. 

This single series of observations completely confirm, as far as they 
go, the very important conclusions of Kreidl. The otoliths are found 
to play an important part in the functional activities of the otocyst, and 
the latter is conclusively proved to be a static organ, acted upon by the 
force of gravity ; this force makes itself felt chiefly through the medium 
of the otoliths, and if they are absent, as described in a preceding set of 
experiments on lobster larvse^ the function of the otocyst in Macrura 
is seriously impaired. 

6. The Function of the Hairs of the Otocyst. 

The function of the otocyst hairs of macruran decapods which are in 
contact with otoliths has been already briefly discussed in the first part 
of this paper. The stimulus imparted to the hair shaft through the 
medium of the otoliths makes itself most strongly felt at the labile base 
of the hair, owing to the rigidity of the shaft and the delicacy of the 
attaching membrane. At this point, too, the nerve fibre invariably ends, 
and the stimulus is thus transmitted to it^ and at once carried to the 
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braiD. In the case of adult Brachyura, howeyer^ there are no otoliths 
in contact with the hairs of the otocyst, consequently the effect of 
gravity, if not entirely null, must be at least greatly lessened, unless 
indeed the hairs are so differentiated as to be themselves stimulated 
by it. 

Bethe ('97), acting on the idea that in tilting the animal the differ- 
ence in the pressure of the water might affect the hairs of the otocysts, 
placed crabs under very high pressures where the slight difference brought 
about by tilting would be practically eliminated. But he found that all 
the phenomena of equilibration still persisted. 

It is probable that in the otocyst of Carcinus the thread hairs are the 
most important sensory oi^us of the sao. The hook hairs^ originally 
in the larva attached to otoliths, later, with the loss of the sand granules, 
lose much of their functional activity ; the third group of hairs can- 
not be of great importance, as I could not demonstrate satisfactorily 
their nerve connections, and their structure alone is such as to preclude 
their being affected by very delicate stimuli. The thread hairs, how- 
ever, in both structure and position are fitted for the fulfillment of such 
a function as has been ascribed to them. The shaft is long, attenuate, 
only slightly fringed at the tip, and attached at the base by a very thin 
membrane, which allows free movement to the rigid shaft about this 
region as upon a joint. I have observed in studying freshly dissected 
otocysts that a slight tilting of the watch glass in which they were con- 
tained caused these hairs to sway extensively. 

From Clark's experiments and my own, it was apparent that upon 
rotation in a horizontal plane, there was little or no compensatory 
movement of the eyestalks, and that when there is such a reaction, the 
angle of compensation is not maintained, but the eyes return at once to 
their original positions. Also, on rotation about the animal's lateral 
axis, the angle of compensation is not as great, when the rotation is 
rapid and jerky, as when performed slowly and smoothly. These two 
facts preclude the possibility of the hairs being affected by movements oi 
the fluid surrounding them, at least to any great extent. For if they 
were so affected, the angle of compensation should be the same, in what- 
ever plane the animals are rotated, and the position of the eyestalks 
should be in every case maintained by compensation movements. 

There still remain two.ways in which the hairs may be so affected as 
to bring about nervous stimulus. Either they may be lighter than the 
surrounding fluid, and consequently tend always to float erect, no matter 
what position the otocyst may take relative to them ; or they may be 
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heavier than the liquid contents of the otocyst, in which case they would 
be affected by gravity directly, and exposed to a greater or less pull 
according to their different positions in the sac. My observations made 
on dissections of fresh material of both young and adult crabs, do not 
confirm the first of these hypotlieses. The hairs rarely, if ever, float 
upright in the fluid of the otocyst ; on the contrary they usually project 
out horizontally, with their tips a little lower than their bases; and 
such conditions would favor the second supposition, that they are heavier 
than the surrounding fluid. Unfortunately, when fresh material was at 
hand, my attention was directed toward other problems, and no dissec- 
tions or observations were made with the settlement of this question 
primarily in view. It is, however, a point well worth future experimenta- 
tion, for the function of these hairs is apparently similar to that of the 
auditory hairs of the vertebrate cristse acustic®, and to clearly show how 
they are stimulated would throw light on an important problem in the 
physiology of the vertebrate ear. 



SUMMARY. 

1. The cuticular lining of the otocyst, found in the basal segment of 
the antennule of all decapod Crustacea, is cast with the test at each moult 
It is composed of thin chitin, and is suspended from the dorsal wall of 
the antennule, which presents an aperture in Macrura, in the larval stages 
of Brachyura, and also in adult Brachyura directly after ecdysis. 

2. In Macrura a single sensory prominence is present, either on the 
floor or sides of ^the sac In Brachyura there are three sensory regions. 
The sensory hairs are borne upon these cushions, usually in ciunred rows. 

3. The otolith hairs are heavily fringed, often bent or hooked. In 
Macrura they are attached to the wall of the sac by a thin bulb of 
chitin ; in Brachyura the base of the hair shaft is inserted into a cup- 
like depression ; both methods of attachment allow the hair to sway 
freely upon its base. 

4. The free hairs of the otocyst, found in the lobster and all Brar 
chyura, are extremely long and attenuate ; their basal attachment is deli- 
cate, and renders them much more sensitive than the otolith hairs. 

5. All sensory hairs are formed as double-walled tubes by numerous 
matrix cells situated beneath the hypodermis, from which they originate. 
After ecdysis processes from these cells extend into the shaft of the 
newly formed hair. In preparation for the next moult these processes 
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Rre withdrawn, the matrix cells reoede from the base of the old hair, and 
arrange themselves about the ner\'e fibre for the formation of the new 
bristle. There is a period between moults, more or less extended, dur- 
ing which no living substance is present in the greater part of the cavity 
of the hair. 

6. The otoliths are grains of sand taken in from the exterior (first, in 
the case of the lobster, by the fourth larva) and renewed after each 
moult ; they may lie free in the otocyst, or be attached to the sensory 
hairs. In Brnchyura they are found only in the Megalops stage. 

7. Glands similar in structure to the tegumentary glands are present 
in the lobster and crayfish beneath the sensory cushions which bear oto- 
lith hairs. They secrete a substance for the attachment of the otoliths to 
the pinnules of the bristles. 

8. The innervation of the otocyst hairs and olfiictory bristles is dis- 
tinctly unlike. 

(a) The otocyst hairs have each a single nerve element, and the 
terminal fibre ends in the enlarged base of the shaft without branching. 

{h) Each olfactory bristle is innervated by numerous ganglion cells 
(100 or more). The peripheral strand of fibres from these cells extends 
sortie distance into the cavity of the hair, terminating free and without 
modification of any kind. 

9. The central terminations of all the otocyst fibres are in two closely 
connected neuropilar masses at the posterior end of the brain, median 
to those of the second antennae, and ventral to the optic centres. The 
nerve sheaths disappear as the fibres enter the *' Punktsubstanz," and 
tho fibrillse soon separate. They cannot be traced to determinate 
endings, nor are they ever directly connected centrally, with ganglion 
cells. 

10. Each sensory nerve fibre is composed of numerous fibrillee, 
embedded in a semi-fluid "perifibrillar*' substance, which in turn is 
Burrounded by a delicate sheath. The flowing together of the peri- 
fibrillar matrix causes the beaded or varicose appearances characteristic 
of methylen blue, and silver impregnations. The fibrillar structure can 
be demonstrated in both the central and peripheral portions of the 
fibres. 

11. The sensory ganglion cells are all typically bipolar and elongate 
in form. They are placed at some distance from the base of the hair 
which they supply, and show no fibrillar structure. 

12. In the shrimp-like decapods, such as Palsemonetes and Crangon, 
a nucleated myelin sheath stirrounds each sensory fibre and ganglion 
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cell, extending from the neuropil of the brain nearly to the peripheral 
ending of the fibre. 

13. Each sensory ganglion cell with its central and peripheral fibr» 
constitutes a single nervous element or neuron. The neurons are 
trophic units, and direct connection between two neurons was not 
demonstrated. 

14. In those decapods which pass through free-swimming larval 
stages, the otocjst develops as an invagination of the dorsal ectoderm 
of the basal segment of the antennule, and becomes functional only at 
the fourth moult after hatching. 

. 15. Invagination begins at the second larval stage, but the matrix 
cells which are to form the sensory hairs of the sac, make their appear- 
ance in the first larva, being derived from the cells of the hypodermis. 

16. During the third stage the sensory hairs are formed below the 
floor of the shallow sac; at the next moult these become functional, 
the sac enlarges, and otoliths make their appearance. The otocyst 
is now functional, the hairs are innervated as in the adult, and more 
than 100 of them may be present. After the fourth stage the chief 
changes are the increase in the number of otocyst hairs, and the gradual 
constriction of the orifice of the sac. 

17. In Brachyura the Zoea larva is without a functional sac. In the 
Megalops the otocyst is open, and contains numerous sensory hairs and 
otoliths. During the next two stages the aperture closes and takes oo 
the adult condition, without otoliths. 

18. Structurally, the otocyst of decapods may be compared roughly 
to the utriculus of such a vertebrate as Myxine ; the sac of Palsemonetes 
to a single isolated ampulla, and its sensory cushion to a crista 
acustica. The closed otocyst of Brachyura has three sensory regions 
and is without otoliths. It therefore approaches in general structure 
the utriculus of the higher vertebrates. Each sensory element of the 
otocyst is comparable to a single sensory component in the vertebrate 
crista. In each there is a modified organ for the reception of stimuli, 
connected basally with the terminal fibre of a sensory neuron. 

19. There is no part of the decapod otocyst which is structurally com- 
parable to the middle ear, semi-circular canals, or cochlea of vertebrateSi 

20. There is no direct evidence to prove that decapod Crustacea react 
to true sounds produced either in water or in air. The reactions 
formerly attributed to audition are probably due to tactile reflexes. 

21. The otocyst plays little or no part in calling forth these reac- 
tions, and does not function as a true auditory organ. 
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22. Equilibration is made possible by three sets of organs, the oto- 
cjsts, the eyes, and the tactile bristles. 

23. In free-swimming decapods the otocyst is by far the most im- 
portant of these static organs functionally, vision being secondary to it. 
Four facts go to prove this : 

(a) The removal of the otocysts causes a much greater loss of power 
of orientation, and a greater decrease in the compensatory movements 
of the eyestalks, than the loss of vision. 

{b) Decapods and Entomostraca normally without otocysts either 
swim in unstable equilibrium, or in a position identical to that which 
an inanimate object of the same form and weight would take under 
the influence of gravity. 

(c) Lobster larvse without functional otocysts are imstable in their 
swimming movements, but orient themselves with great accuracy at 
the stage when the sac becomes an active sense organ. 

(d) If iron filings are substituted for the otoliths, and an electro- 
magnet is employed to modify the effect of the pull and direction of 
gravity, shrimps orient themselves with reference to the direction of 
the resultant pull of the two forces, precisely as they do to the 
attraction of gravity alone. 

24. In lobster larvae of the third and foin-th stages there is a direct 
correlation between the metamorphosis of the otocyst from a func- 
tionless to an active organ, and the changes in the swimming position 
of the*animaL When the sac is inactive (third stage), the swimming 
position of the body and appendages' is an adaptation which places the 
larvse in comparatively stable equilibrium. As the otocyst becomes 
functional (fourth stage), this adaptation is no longer necessary, and 
a much less stable position is maintained, but one more favorable for 
rapid locomotion. 

25. The otoliths in Macrura and larval Brachyura are the means 
by which the pull of gravity is transmitted to the hairs of the otocyst. 
On their complete removal there is loss of equilibration and power 
of orientation ; if iron filings are substituted for them, shrimps may 
be made to respond to the attraction of an electromagnet. 

26. In adult Brachyura otoliths are normally lacking. The otolith 
hairs have become practically functionless, and the thread hairs are 
modified in such a way as to make them directly responsive to the 
attraction of gravity without the aid of the otoliths. 

VOL. xzxn. ^ HO. 7 6 
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EXPLANATION OF THE PLATES. 



All Figures were outlined with an Abb^ camera lucida. Tube length was 
usuallj 160 mm., with projection distance to the table, 410 mm. The magnifi- 
cations are given with the descriptions of the several figures. Drawings were 
made from sections, unless the contrary is stated. The orientation of the figures 
is given for each plate. 

ABBREVIATIONS. 



cl.gn.. . 
cL ma. . . 
co*nt. crc*oes. 



ers. sns. 
eta, 

cta\ . 
dt, . . 
Jhr'. . 
fbr.QM. 
fbr.e, . 
fbr. n, . 
/hr.peph. 
fg. . . 
glh. . . 
gn.olf., 
h'dniL . 
lab. a. . 



lab. p. . 

lu, . . 

mal. . . 
mb.$ph. 

n.at.l . 

n,atJS . 

n'W. . . 
tCUm 



Gland cell. 

Ganglion cell. 

Matrix cell. 

CircumcBsophageal con- 
nective. 

Sensory crista. 

Cuticula. 

New cuticula. 

Duct 

Fibrillations. 

Association nerve fibre. 

Central nerve fibre. 

Nerve fibfe. 

Peripheral nerve fibre. 

Flagellom. 

Globulus. 

Olfactory ganglion. 

Hypodermis. 

Anterior lip of orifice 
to otocyst. 

Posterior lip of same. 

Lumen of otocyst. 

Hammer. 

Spherical membrane. 

Antennular nerve. 

Nerve of 2d antenna. 

Neuroblasts. 

Neurilemma. 



nl. tu. . , . Sheath nucleus, 

n. opt. . . . Optic nerve. 

n.ol. ... Otic nerve. 

n^piL at J . . Neuropil of antennule. 

n'piL at.t . . Neuropil of antenna. 

n^pil. opt. . . Optic neuropil, 

n. teg. . . . Tegumentary nerve. 

of. , , . . Orifice. 

ot'cg. . . . Otocyst. 

ot*lth, . . . Otoliths. 

pinn. . . . Pinnules of hairs. 

pr'c.pr'pl. . Protoplasmic process. 

rm.L ... Lateral branch of an- 
tennular nerve. 

ro Rostrum. 

tet.' .... Group hairs. 

aeLjU. . , . Thread hairs. 

Met. I. ... Lateral hairs. 

set. m. . . . Median hairs. 

set.olf. . . . Olfactory hairs. 

iet.ot. , . . Otic hairs. 

set. p. . . . Posterior hairs. 

set. ta. . . . Hook hairs. 

set. tac. , . Tactile hairs. 

tb.set. . . . Hair tube. 

tct Tectum of otocyst 

tu. myl. . . Myelin sheath. 
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PLATE 1. 

All Figaros aro of Palamonetes. In Figure 1 anterior is up on the plate; 
in Figures 2, 8, and 4 the dorsal side is up, and the anterior end in Fi^^re 4 is at 
the left Lines numbered i, $, 4, 6 in Figure 1 indicate the planes of the sections 
shown in Figures 2, 8, 4, and 6 respectively. 

Fig. 1. Dorsal view of the basal segment of both antennules, showing otocTsts 
and the arrangement of the hairs in the sac X 80. 

Fig. 2. Somewhat oblique transverse section, extending from dorsal anterior to 
ventral posterior, of both antennules and the i-ostrum, through the 
posterior ends of the otocysts (compare line f8. Fig. 1). X 64. 

Fig. 8. Transverse section of right antennule through the orifice of the sac, show- 
ing tectum and otoliths (compare line $, Fig. 1). X 64. 

Fig. 4. Parasagittal section through right antennule and brain, showing the 
course of the otic nerve, with a single nerve element drawn diagram- 
matically (gee line 4$ Pig. !)• X 64. 



Digitized by CjOOQ IC 



:: ■.•Ys: 








wm-— 



cL 



<^n. 



f^^J^ ^:^ n'pilapt 










7^-^i^*n'fiiat.J 



W ^ 






cl.9>^. ^U. -^.piut_, 



Digitized by CjOOQ IC 



Digitized by CjOOQ IC 



Digitized by CjOOQ IC 



PuHTiBS. — Otocyst CrastaOMu 



PLATE 2. 

All Figures are of Pcdcemoneles. The dorsal side is up in Figure 6, and the an- 
terior end at the right. 

Fig. 5. Parasagittal section through the lateral side of the right otocyat (see line 
5, Fig. 1). X64. 

Fig. 6. Transverse section through the posterior end of the sensory cushion, 
showing two lateral hairs, the base of a median one and a group of 
ganglion cells. X 168 

Fig. 7. Otocjst hair and matrix cells. X 600. 

Fig. 7a- Another otocyst hair and matrix cells. X 600. 

Fig. 8. Sensory hair of the otocyst and the ending of its peripheral nerve fibre. 
X600. 

Fig. 0. Fundament of developing sensory hair from an abdominal exopod, 
showing matrix cells about the nerve fibre. Methylen-blue prepara- 
tion. X 600. 
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PinmsB — Otocyst GruBUoeik 



PLATE 3. 

All Figures are from meUiylen-blue preparations of Palamonetes. Anterior is 
up on plate in Figure 12. 

Fig. 10. Part of abdominal exopod showing tubes of developing tactile hairs and 
their innervation. X 125. 

Fig. 11. Peripheral nerve endings in the tactile hairs of the second maxilliped. 
X 96. 

Fig. 12. Dorsal view of antennules and brain, showing sensory neurons and cen- 
tral endings of the otocyst nerve fibres. The peripheral endings in 
the left otocyst are diagrammatic. X SO. 
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PBsimss. — Otocyst CroBtacea. 



PLATE 4. 

Figures 13-18 are of PcUoemonetes. Figures 19-22 are of lobster larvcB. In Figures 
19-21 dorsal side is up and the lateral side is at the right ; in Figure 22 anterior 
is at the right, dorsal side up. 

Fig. 13. Portion of inner flagellum of first antenna, showing olfactory hairs and 

their peripheral ganglionic masses. Methylen blue. X 125. 
Fig. 14. Gustatory hairs and nerve elements from the basipod of second maxilla. 

Methylen blue. X 95. 
Fig. 15. Fibrillations in peripheral otic nerve fibre. Methylen blue. X 1300. 
Fig. 16. Ganglion cell of otocyst and peripheral nerve process surrounded by 

myelin sheath. X 600. 
Fig. 17. Ganglion cell of otocyst, and sheath nucleus. X 1300. 
Fig. 18. Ganglion cell of otocyst. Methylen blue. X 770. 
Fig. 19. Transverse section through right antennule of first lobster larva. X 168. 
Fig. 20. Transverse section through right antennule of second lobster larva ; 

beginning of invagination. X 168. 
Fig. 21. Transverse section through right antennule of third lobster larva. 

X168. 
Fig. 22. Parasagittal section through antennule of second lobster larva. X 168. 
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PUMTIM. — Otocyrt Cnutooea. 



PLATE 5. 

All Figures are of lobster larvae. In Figures 23 and 25 dorsal is up, and anterior 
at the right ; in Figure 24 dorsal is up and lateral is at the right ; anterior is at 
the right in Figure 26. 

Fig. 23. Parasagittal section through the antennule of the third larva. X 168. 
Fig. 24. Transverse section through the posterior part of the right otocyst in 

fourth larva. X 168. 
Fig. 25. Parasagittal section of the same. X 125. 
Fig. 26. Diagrammatic dorsal view of floor of right sac dissected out to show 

arrangement of the hairs and their innervation. Methylen blue. 

X168. 
Fig. 27. Developing hairs of the otocyst in the third larval stage. X 600. 
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Pbihtus. ~ Otocyst Cnutacea. 



PLATE 6. 

Crangon ; in Figure 28 dorsal is up ; in Fig^ure 20 anterior is up. 

Fig. 28. Transverse section of both antennules through the sensorj cushions of 
the otocysts. X 96. 

Hg. 29. Reconstruction from ten frontal sections through the base of both anten- 
nules and the brain. A semi-diagrammatic nerye element la ahown 
at the left in black. X 95. 
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Pbbhuss. — Otocyst Cnutacea. 



PLATE 7. 

Figures 80 and 31 are of Crangon. All others are of Cambarus. In Fi^^re 30 
dorsal is up and lateral is at the left ; in Figure 36 dorsal is up and lateral ia at the 
right. 

Fig. 30. Parasagittal section of antennule and brain. X 06. 

Fig. 31. Otocyst hair. X 600. 

Fig. 82. Olfactory hairs from basipod of second maxilla, showing innerratioD. 
Methylen blue. X 95. 

Fig. 33. Posterior row of otocyst hairs and their nerve elements. Meth jlen 
blue. X 96. 

Fig. 34. Tactile hair from scaphognathite of second maxilla, showing innervation. 
Methylen blue. X 96. 

Fig. 85. Transyerse section through shaft of otocyst hair. X 770. 

Fig. 36. Diagrammatic transverse «ection of the right antennule. through the pos- 
terior part of the otocyst. X 16. 



Digitized by CjOOQ IC 



t. : :' .A- '■ 



ff^^->/f-. 



p(jm. 




Digitized by CjOOQ IC 



Digitized by CjOOQ IC 



Digitized by CjOOQ IC 



PBBmss. — Otocyst Cnutacea. 



PLATE 8. 

All Figures are of Cambarus, Dorsal side is up in Figures 37 and 38 ; in Figure 
38 anterior is at the left ; anterior is up in Figure 40. 

Fig. 37. Transverse section through the orifice of both otocysts ; left antennule is 

diagrammatic X 25. 
Fig. 38. Parasagittal section through right antennule and brain. X 25. 
Fig. 39. Tegumentary gland from the sensory cushion of the otocyst. X 600. 
Fig. 40. Dorsal view of the sensory cushion of the left otocyst dissected out, 

showing the arrangement and innervation of the hairs. Methylen 

blue. X62. 
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Pssmu. — Otocyst Croitaoea. 



PLATE 9. 

Figure 41 is of Cambarus; all others are of Carcinus. In Figures 41 and 46 
anterior is up; in Figures 42-46 dorsal is up and anterior at the left; in Figures 
47 and 48 dorsal is up and lateral is at the right 

Fig. 41. Ventral view of brain, showing central endings of otic and antennular 

nerves. Methylen blue. X 30. 
Figs. 42-45. Outlines of four parasagittal sections through the left otocyst of 

Carcinas, cut along the lines of section marked with corresponding 

numbers in Figure 46. Figure 45 Is most median, Figure 42 most 

lateral in position. X 15. 
Fig. 46. Dorsal view of both antennules. Numbered lines {4^48) indicate planes 

of section of corresponding Figures. X 8. 
Fig. 47. Transverse section through the orifice of right otocyst (see Fig. 46, line 

47). X 15. 
Fig. 48. Transverse section through anterior end of the otocyst (see Fig. 46, line 

4S). X 15. 
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PBBrrus. — Otocyst Crustooea. 



PLATE 10. 

All Figures are of Carcinus ; anterior is up in Figure 55. 

Fig. 49. Group hair. X 600. 

Fig. 50. Transyerse section through the sensory cushion of the hook hairs. 

X 168. 
Fig. 51. Hook hair. X 600. 
Fig. 52. Portion of outer flagellum of antennule, showing the bases of olfactory 

hairs and their innervation. X 95. 
Fig. 58. Tliread hairs and their nerve elements. Methylen blue. X 95. 
Fig. 54. Tip of thread hair. X 1300. 
Fig. 55. Nearly frontal section, inclining dorsal and forward, tlirough bo^ anten- 

nules and brain. X 25. 
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which take place in the formative segment and tend to restore 
it to the normal. 

In conclusion I wish to express my thanks to Professor 
E. L. Mark for most helpful suggestion and criticism. 

Cambridge, Mass.» May 24, 1901. 
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L Introduction. 

Fob several years after the description by van Beneden, in 1883, of 
the mitotic polar structures to which he gave the names, '* spheres 
attractives " and '' oorpuscules polaires," such structures were ohaerred 
only in ceUs undei^ing mitosis, and were believed to be visibly present 
only during the mitotic process, although it was suggested by van Bene- 
den himself that they might be preformed in the cell, becoming evident 
only during mitosis. It was therefore a matter of some interest when, 
in 1891, Flemming described structures in certain resting cells of the 
salamander similar to those found at the poles of the mitotic figure. 
Flemming was the first to describe these structures minutely, although 
the observations of Solger ('89) and Rabl (*89) had been made previously. 

This discovery led to the search for the centrosome in the resting 
cells of various tissues, and interest in the question culminated with 
the announcement i)y von Lenhoss^k, in 1895, of the discovery of a cen- 
trosome and sphere in the nerve cells of the frog. Yon Lenhoss^k was 
quickly followed by other authors who described similar structures in 
the nerve cells of other animals, and at the present time the " centro- 
some " is known to exist in the nerve cells of many vertebrates and 
invertebrates. 

It is a matter of some importance, as has been pointed out by several 
authors, to determine whether or not the " oentrosomes," "spheres," 
and radiations seen in the cytoplasm of fully differentiated and pre- 
sumably functional nerve cells are related to the polar structures of 
past or future mitotic divisions of the cell. Accepting the general belief 
that functional nerve cells do not divide, we are limited to proving either 
that the centrosome and its accompanying structures of the last mitosis 
of the embryonic nerve cell persist as the centrosome and radiating sys- 
tem of the differentiated nerve cell, or that, on the contrary, they do 
not persist, and that we have to do in the differentiated nerve cell with 
structures which have arisen in the cytoplasm independently of the last 
mitosis of the cell. That certain parts of the radiating system of the 
resting cell could have been left over from the last division, and other 
parts not, is, of course, a possibility to be considered. 

The following work was undertaken at the suggestion of Professor 
R L. Mark, with the purpose of throwing some light upon the origin 
of the so-called centrosome of the nerve cell. The work was carried on 
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at Harvard University under the direotion of Professor Mark and Doctor 
W. E. Castle, from whom have been received much valuable assistance 
and many helpful suggestions as to the proper interpretation of the 
results obtained. 

n. HistoricaL 

1. The Centrosomb in Nebve Cell& 

Previous to von Lenhoss^'s discovery, in 1895, of the centroeome in 
the nerve cell, we find in the literature a few references to a fibrillar 
stmcture of the cytoplasm of nerve cells and a concentric arrangement 
about the nucleus. 

Remak ('44, p. 469) described in the nerve cells of Astacus " sehr 
sarte granalirte, den Kern umkreisende Fasem." In the nerve cells of 
Raja he ('53) mentions two systems of fibrillse, — peripheral ones 
extending into the axis cylinder, and deeper ones concentric to the 
nacleus. 

Walter 063), Leydig ('64, p. 84), Arnold C67), and Schwalbe ('68) 
foaud a fibrillar structure concentric to the nucleus in nerve cells of 
vertebrates and invertebrates. 

Arnold (*65, '67), Courvoisier ('66), Sigmund Mayer ('72), Eimer ('77), 
and other authors speak of fine fibres extending out from the nucleus^ or 
even firom the nucleolus, in vertebrate nerve cells, but from the descrip- 
tions and figures given it is impossible that these structures could have 
been identical with the exceedingly ddioate radiations recently observed 
in connection with the centrosome. 

Max Schultze ('71) found fibrillad concentric to the nucleus in certain 
brain cells of Torpedo, as well as fibrillas which enter the cell from the 
processes. 

Hans Schultze ('79) described fibrilleo concentric to the nucleus in 
nerve cells of vertebrates. 

Flemming ('02, '82') mentioned a ** streifige Structur" concentric to 
the nucleus in the central nerve cells of the pig. In the cells of the 
spinal ganglion of various mammals he found a fibrillar structure, but 
it exhibited no concentric or radial arrangement. 

Von Lenhofls^ ('86) figured and described, in the spinal-ganglion 
cells of the frog, an arrangement of fibrilln generally, but not always, 
concentric to the nucleus. In some of his figures the nuclei are very 
excentrically placed and are flattened or even slightly concave on the 
side nearest the centre of the cell, agreeing in this respect with the con- 
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ditions found in his later work on the same material^ in which the 
centrosome and sphere were discovered. 

Heidenhain C94) declared that the presence of a centrosome was least 
to be expected in nerve cells. Nevertheless, he pointed out that the 
evidences of radial and concentric arrangement which have been de- 
scribed in such cells demand that a careful search for the centrosome 
be made. 

Flemming C95) mentioned the frequent occurrence of the concentric 
arrangement in the nerve cells of many animals investigated by him. 
He says (p. 25) : ** Die Anordnung ist nicht im vollen Sinne concen- 
trisch, sondern scheint von der Polstelle in zwei opponirten Strablungen 
an der Peripherie der Zelle zu verlaufen, so dass der Kern etwa die Mitte 
zwischen beiden bildet.^' 

Von I-enhoss^k ('95), after the demonstration by Flemming and 
Heidenhain of the centrosome in resting cells, returned to the study of 
the nerve cells in which the excentric and flattened nuclei had been 
observed, and by methods other than those used in his previous work 
demonstrated the presence of a centrosome and sphere. The condi- 
tions which he finds in some of the spinal-ganglion cells of the frog are 
briefly as follows. 

The nucleus is in a very excentric position and generally flattened, or 
even concave, on the side nearest the cell centre. The centrosome and 
sphere lie at the centre of the cytoplasmic mass, exclusive of the nucleus; 
for, as a result of plani metric measurements, von Lenhoss^k declares 
that ''das Centrosom ist also in den Spinalganglien des Frosches 
wohl ein Centralgebilde in Bezug auf das Zellprotoplasma mit Abzug 
des Kerns, nicht aber in Bezug auf die kemhaltige Gesammtzelle" 
(p. 367). Heidenhain had found that in leucocytes the "Microcen- 
trum ** occupied the geometrical centre of the entire cell, except when 
displaced by a nucleus greater than one-half the diameter of the cell. 

The centrosome of von Lenhoss^k is about 0.5 fi in diameter, and is 
composed of never fewer than twelve granules imbedded in a feebly 
staining matrix, which he compares to the '' achromatische Substanz- 
raasse " by which Heidenhain's "Centralk6rper'* were connected. Sur- 
rounding this group of granules is the sphere, which appears in sections 
as a sharply defined, homogeneous, circular area from 4 f* to 6 fi in diame- 
ter. Its sharp boundary is not due to a layer of microsomes, but is 
marked only by the contrast between the substance of the sphere and 
the surrounding cytoplasm. This contrast is often emphasized by a 
narrow clear area about the sphere. 
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The cytoplasm is arranged ooaceDtrically around the sphere, showing 
a differentiation into an endoplasm and an exoplasm. The endoplasm 
iB finely granular, the granules being more concentrated toward the 
centre. The exoplasm gives up its stain more readily than the endo- 
plasm, remaining diffusely stained and appearing less granular than the 
endoplasm. 

The conditions described were found in only the smaller cells of the 
ganglia. No centrosorae was found in the spinal-ganglion cells of 
the dog or cat, but a concentric arrangement of the cytoplasm about 
the nucleus, which in those animals was found generally at the cell 
centre, was observed, leading von Lenhoss^k to suggest (p. 368) that 
''das dynamische oder vielleioht auch morphologische Aequivalent des 
Oentrosoms hier in den Kern verlagert ist.*' No radiations were seen 
by von Lenhoss4k. All of his figures are from preparations fixed 
in sablimate and stained by Heidenhain's bordeaux-iron- haematoxylin 
method. 

fiUhler Cd5), working simultaneously with von Lenhoss^k, announced 
the discovery of " Centralk5rper ** in the cortex of the fore-brain of the^ 
lisard, and also in nerve cells of the human brain. Btihler used warm 
corrosive sublimate and Flemming's fluid as fixing agents, and stained 
in various aniline dyes. His best demonstration of the ** Centralkdrper," 
however, resulted from the use of Heidenhain's iron-hfiematoxylin with 
bordeaux, safranin, or rubin. 

Bahler found the nuclei to lie generally nearer the end of the cell 
from which the process came off, frequently so close to the surface '' dass 
er stellenweise die Zellgrenze zu bilden scheint" (p. 17). On the side 
of the nucleus toward the greatest cytoplasmic mass, and therefore 
opposite the nerve process where that is to be seen, appear from one to 
•three small, intensely stained granules, lying close together, and some- 
times connected by a " Substanzbrttcke." About this granule or group 
of granules is a clearer area of cytoplasm, and there may be one or 
several more or less complete dark circles concentric about the central 
granules. Radial fibres often appear extending out from the central 
granules, sometimes only to the inner of the surrounding circles, and 
sometimes quite to the periphery of the cell. Each of these concentric 
circles is due to a series of varicosities on the radial fibres, at equal dis- 
tances from the central granules. In some preparations, however, the 
radial fibres are not conspicuous, and the circles appear to be made up 
ofrows of granules. 

Other systems of fibres run more or less parallel to the cell surfitce. 
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or coucentrio to the nucleus, and are traceable out into the processes. 
These fibres, which BUhler believes to be limited to the surfieu^ of the 
cell, also bear varicosities and appear to intersect the radial fibres, the 
points of intersection being marked by '' kleine Enotchen." The cen- 
tral granules BUhler believes to correspond to the " Centralkdrper " of 
Heidenhain, and the radial fibres to Heidenhain's "organische Radien." 

As to the function of the centrosome in the resting cell, BUhler says 
(p. 37) : '^ Wo, wie in reifen GangUenzellen ihre Besiehung zur Zelltei- 
lung nicht nachgewiesen werden kann, da tritt ihre zweite Function 
in ihre Rechte : Sie sind in der ruhenden Zelle die Insertionsmittel- 
punkte ftlr das centrirte Fibrillensystem." Buhler states (p. 38) his 
belief that '^ nicht nur das djmamische Centrum der Zellteilung in 6e- 
stalt der Centndkorper, sondem das gesammte System der organische 
Radien einschliesslich der Attractionssphare dauemd in ruhenden Zellen 
sich erhalt.'' 

Dehler ('95) described structures in the sympathetic-ganglion cells 
of the frog very similar to those described by von Lenboss^k for the 
spinal-ganglion cells of the same animal. Dehler, like von Lenhoss^k, 
obtained his best results with sublimate fixation and Heidenhain's stain- 
ing methods. He found the nuclei excentric and lying at the end of the 
cell opposite the nerve process. They are generally flattened or concave 
on the side toward the cell centre. The cytoplasm contains " Schollen 
die sich concentrisch im ZelUeib zu einander reihen." The centre about 
which the '' Schollen " are arranged is approximately the centre of the 
cell. They are generally larger toward the peripheiy of the cell. The 
central region of the cell is more often quite free from them, and they 
are less marked, or even absent, in the smaller, cells. 

At the centre of the cell lies the " Centralk5rpergruppe/' composed 
of several deeply staining granules. About them the section of the cell . 
exhibits a well-defined circular clear area from 5 /i to 7 fi in diameter. 
It is very finely granular and is bounded by neither a membrane nor a 
row of granules. In some of Dehler's figures there is about the central 
clear area a considerable zone free from the coarse ''Schollen." In 
other cases the ** Schollen " extend quite to the boundary of the clear 
area, which corresponds to von Lenhoss^k's ** Sph&^." Dehler found 
no radiations from the region of the centrosome. 

Flemming (*95») described a concentric arrangement of granules 
about the nucleus of the spinal-ganglion cells of mammals, but he found 
no structures similar to the centrosome and sphere whidi then had been 
recently described by von Lenhoss^k in the frog. 
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Scbaffer ('96) desoribed oentrosomes in oertoin cartilage cells of 
Mjxine glutinosa and also in nerve cells of the cranial ganglia of Petro- 
myzon planeri 15.5 cm. long. His material was fixed in picro-sublimate 
and stained in hsBmalum-eosin. Schaffer found cells with the nuclei 
exoentrio. The cytoplasm was veiy finely granular, and in it was com- 
monly found a structure forming " eine Art von Oegengewicht im Proto- 
plasma gegentlber dem Kern " (p. 26). These cytoplasmic structures 
appeared in some cases as merely small areas of irr^ilar shape and 
varying size, staining red in contrast to the surrounding blue. Often 
two such areas of unlike form and size lay near together. In some 
cases a small clear space surrounded the darker area. In still other 
cells a circular clear area contained a small central granule, and at one 
side of the clear area lay an irregulariy shaped red-staining mass similar 
to those found where no clear area and granule were present. Schaffer 
interprets the granule, clear area, and red-staining mass as centrosome, 
sphere, and archoplasm, respectively. He attributes the failure to find 
all three of the structures in so many cells to unfavorable planes of cut- 
ting, or to other causes. No radial arrangement of the cytoplasm was 
seen. He suggests that the structures described may be concerned 
in nuclear divisions of the ganglion cells, since he has often seen in 
Petromyzon ganglion cells with two nuclei. 

McClure ('96, '97) described centrosomes and spheres in the nerve 
cells of Helix and thinks they may exist in Limulus. In Astacus, Cam- 
barus, Homams, Lumbricns, Arion, and Ldmax he failed to find these 
structures. In unipolar ganglion aells of Helix with a transverse diam- 
eter between 17 ft and 22 fi he finds excentric nuclei often flattened, 
or more frequently kidney-shaped. His figures show the nuclei lying 
at the end of the cell opposite the nerve process, and the flattened or 
concave side of the nucleus is never " directed exactly opposite to the 
base of the axis-cylinder process, but always to a point on one side of 
it." " In the body of the cell, directly opposite the invagination [of the 
nucleus], a disc-shaped structure was found." The disc is finely granu- 
lar, but shows no radial arrangement. '* Within these discs and at 
about their centre, two or three small granular bodies were present 
which stained much deeper than the surrounding granules and which 
I have taken for centrosomes." A zone of cytoplasm immediately 
surrounding the disc stains darker than the disc, because of a concen- 
tration of small chromophilous granules, but no radial arrangement 
among these grannies is to be seen. The centrosome and sphere were 
best seen in material fixed in Flemming's fluid and stained in iron- 



Digitized by CjOOQ IC 



92 "bulletin: museum of comparative zoology. 

hsematoxylin. Sublimate preparations with the same stain gave con- 
firmatory results. In some cases, large spherical pigment granules 
were found arranged in a circle just outside the disc and close to its 
boundary. 

Miss Lewis ('96, '98) described the presence of a centrosome and 
sphere in the giant nerve cells of Clymene producta. She demonstrated 
the presence of these structures by the use of vom Rath's picric-osmic- 
acetic-platinic chloride mixture, not followed by a stain. Sublimate 
fixation followed by Heidenhain's iron-h»matoxylin gave confirmatory 
results. 

The nucleus of these giant cells is excentric and flattened or concave 
on the side toward the cell centre. The sphere is a more or less sharply 
defined region lying near the cell centre and has a diameter about one- 
third that of the cell It consists of an outer ** broad zone of coarsely 
granular protoplasm ; within this a smaller area of more nearly homoge- 
neous protoplasm ; and in the centre of this a very small highly refrac- 
tive body, or occasionally two or three such bodies." The central bodies 
sometimes have the form of short rods. From the centnd granule, or 
granules, radiations "traverse both the inner, more homogeneous zone 
and the outer, coarsely granular zone. Sometimes the radiations pass 
even beyond this into the surrounding, finely granular protoplasm of the 
cell " (*96, p. 296). The radiations are composed of minute granules 
arranged in radiating lines. 

Dahlgren ('97) examined spinal-ganglion cells of the dog and found 
appearances which resembled centrosomes and " centrospheres," but 
which he believed to be artifacts due to the crystallization of corrosive 
sublimate. The questionable structure, always found between the 
pigment mass and the nucleus, appeared in the section as a disc free 
from granules and having at its centre a black spot. Focussing revealed 
a radial arrangement of the disc, and the surrounding cytoplasm showed 
a " distinct concentric arrangement." 

In some twenty-five cells, before the sublimate had been dissolved out 
by means of iodine, Dahlgren observed radiating crystals of the subli- 
mate occupying the region where, in the same cells after staining, the 
supposed artifacts were seen. 

That the crystals should always be found at the same region of the 
cell, Dahlgren says, '^ would indicate some difference in the constitution 
of the cell at this point." 

Dogiel ('97, p. 108) mentions that, in methylen-blue preparations of 
the spinal-ganglion cells of certain mammals, '' in einer gewissen £nt- 
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feraung vom Kerae ein runder oder ovaler heller Fleck mit einem kleinen, 
vou Methylenblau stark gefarbten K6mchen im Centrum zu bemerken 
war." This is probably, he thinks, the oentrosome and sphere described 
by Yon Lenhoss^k. 

Heidenhain und Cohn ('97) find the ** Microcentrum " in the cells of 
most of the tissues of bird embryos. In the cylindrical cells of the neu- 
ral tube the microcentres lie at the extreme outer ends of the cells. In 
a surface view of a group of these cells their outlines form a polygonal 
network, '* dessen Maschen die Ubrigens nicht regelmassig central gestell- 
teu Microcentren, je eines in einem Zellenterritorium, einschliessen. . . . 
Findet man in einem bestimmten Zellenfelde das Microcentrum nicht 
Tor, so ist man haufig in der Lage zu koustatiren, dass in dem zuge- 
horigen Zellenkbrper eine Theilungsfigur enthalteu ist, dass somit die 
Centralkorper zum Zwecke der Mitose in die Tiefe der Epithelzelle 
eingertlckt sind" (p. 205). 

Bdhler ('98) finds exoentric nuclei in cells of the spinal ganglia of 
Bufo vulgaris. In the cytoplasm chromophilous flakes, which are 
larger toward the periphery of the cell and smaller toward the centre, 
are arranged in concentric order about a point lying near the cell centre. 
Certain fibres also participate in this concentric arrangement. Close to 
the nucleus and on the side toward the cell centre lie two minute gran- 
nies staining deeply in hematoxylin and connected by a dark band. 
About these as a centre are one or two rows of similar but less con- 
spicuous granules arranged in arcs of circles. Extremely fine radia- 
tions pass outward from the central granules ; they intercept in their 
courses the granules of the concentric arcs and are sometimes capable 
of being followed quite to the cell periphery. Granules staining in 
haBmatoxylin occur at rather regular intervals along the course of a 
fibril. The concentric arrangement is ahotU the approximate cell centre 
and not about the granuUi at the centre of the radiating system. The 
latter centre lies in the line passing through the centre of the nucleus 
and the centre of the cell as a whole, — the principal axis, as determined 
by Heidenhain, — but toward the nucleus end of the cell from the cell 
centre. The " Microcentrum " described by Heidenhain for leucocytes 
lay at the cell centre. Btlhler says (p. 49) : " Bei mehreren Central- 
korpem gelang es mir fast immer, eine Verbindung in Gestalt eines 
dunklen Bandes, die primHre Centrodesmose Heidenhain's zu sehen." 
The system described by Biihler corresponds, therefore, to the " Micro- 
centrum " and " organische Radien " of Heidenhain. 

The results, then, of the work of von Lenhoss^k and Btlhler upon 
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the same material, the spinal-gan^ion cells of the frog, are at consid- 
erable variance. They agree ia showing a concentric stracture in the 
cell body, but von Lenhoss^k finds the centrosome at the centre of the 
concentric structure, while Biihler finds his ^' CentralkOrper " near the 
nucleus and remote from the centre of the concentric arrangement. 
Von Lenhoss^k's centrosome is composed of a large number of granules ; 
Btlhler finds generally only two granules composing his " CentralkGrper." 
In the toad and other vertebrates, including mammals, Btlhler finds radi- 
ations from the " Centralkorper ; " von Lenhoss^k described no radial 
structures. Btihler, in the paper referred to ( '98), compares critically 
his results with those of von Lenhoss^k and other authors. 

BUhler states that structures similar to those described by him (95) in 
the brain of the lizard he has seen also in some of von K6lliker*s Weigert 
preparations of pyramid cells from the human brain, and likewise in 
Cohn's preparations of nerve cells from an adult mouse. 

Hunter ('98) noticed that van Beneden et Julin ('84), in a work on 
the central nervous system of ascidians, represented excentric invagi- 
nated nuclei in the nerve cells of Molgula. He consequently was led to 
investigate the cells of the central nervous system of Cynthia partita, 
and found the nuclei always excentric and generally at the end of the 
cell opposite the process. The form of the nuclei varied from spherical to 
cup-shaped. Occupying the centre of the cell was a structure which he 
considered homologous to the centrosome and sphere of von Lenhoss^k. 
At the centre of a " clearly staining area, homogeneous or finely granu- 
lar," were one or several "black deep-staining granules, the centro- 
some or central bodies of authors.'* Surrounding the clear area was a 
coarsely granular zone of varying diameter. In some cells were " well 
developed astral rays, presenting the appearance found in leucocytes." 

There were many modifications of the structure. In some cells all 
the parts mentioned were found, while in others only a central deeply 
staining granule was found with no definite cytoplasmic arrangement 
about it. In very young animals killed shortly after metamorphosis a 
larger proportion of cells showed the structure than in the adults. In 
these young cells the sphere and radiations were generally lacking, or at 
most only a very narrow clear area with a slight condensation about it 
was found. There were generally two central granules. In the cells of the 
young Cynthia the nuclei were excentric but rarely invaginated, and the 
centrosomes seemed to have no fixed position in the cell body, often being 
found " laterally between the nucleus and the cell membrane." Speak- 
ing of the absence of sphere and radiations in the young cells, and the 



Digitized by CjOOQ IC 



BAND: NMtVOUS SYSTEM OF LUMBRICIDiE. 95 

vBiying position of the oentrosomes, Hunter says :' '^ These facts can 
oolj be explained on the supposition that the centrosome does not exert 
aDj decided mechanical influence on the cell protoplasm." 

Hunter found individual variation as to the frequency of the presence 
of the centrosome in the nerve cells of different animals killed at the 
same time, the preparations being subjected to exactly the same treat- 
ment throughout. 

Rohde ('98) finds that certain " Nebennucleolen " wander out from 
the nuclei into the cytoplasm of nerve cells of the frog, and come to 
resemble closely the sphere described by Dehler. In the cytoplasm of 
the nerve cells of the dog he found bodies of nucleolar origin. 

In nerve cells of the frog, Rohde commonly finds structures that 
resemble a "centrosphere." They consist of a central dark body in a 
clear area, which lies within a sphere exhibiting a radial arrangement. 
The whole structure suggests the centrosome and sphere described , by 
von Lenhoss^k. Rohde, however, maintains the existence of such 
structures in all the cells of the ganglia, — not merely in cells of a 
certain size, as described by von Lenhoss^k, — and in any region of the 
cell whatever, even within the nucleus, or immediately outside the cell 
body. Moreover, as many as eight of them may occur in one cell. 
They were not found in the cells of mammals. Rohde thinks they are 
not artifacts. As regards the existence of the centrosome in the nerve 
cells of either invertebrates or vertebrates, he says, *' Centrosomen kom- 
men also bei Ganglienzellen nicht vor." 

Hamaker ('98) found structures in the nerve cells of Nereis which 
he considered to be comparable to the centrosomes described for nerve 
cells by other authors. Often two or three of these structures and 
sometimes as many as ten were found in a single cell. £tich one con- 
sisted of a deeply stained granule in a clear space enclosed within a 
hollow sphere of coarse granules. No radiations were seen. The nuclei 
were excentric and often flattened. The " centrosomes " lay at the centre 
of the cell body. 

Holmgren ('99) occasionally finds sections of cells which exhibit a 
central structure very similar to the sphere of von Lenhoss^k. He 
describes a system of fibres which sweep in from the periphery of the 
cell to form a " Spiralfigur." Similar conditions are described by 
Btlhler Q9&). Among the generally hyaline fibres of this system are 
some more deeply staining fibres. Holmgren thinks certain favorable 
sections through this spiral system give the appearances interpreted by 
von Lenhoss^k as a sphere, his " centrosomes " being simply sections 
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of some of the deeply stained fibres that happened to lie at the centre 
of the spiral figure. 

Kolster (*00) gives a brief preliminary account of centrosomes in 
the nerve cells of Cottus scorpius. The only two figures given repre- 
sent one or two deeply stained granules surrounded by a small clear area 
and lying near the cell centre, the nuclei being exoentric and concave 
on the side toward the cell centre. 



2. The Centrosome in Other Resting Cells. 

Leaving nerve cells aud turning now to the question of the centro- 
some in other resting cells, and especially in tissue cells, a considerable 
literature on this subject is found to have grown up during the last ten 
years. Previous to 1889 no accurate description had been given of a 
centrosome and sphere in resting tissue cells, but doubtless many of the 
descriptions of "Nebenkerne" and "Centralmassen" refer to struc- 
tures that would now be recognized as centrosomes or spheres. 

Van Beneden et Neyt (*87, p. 279) found that the attraction sphere 
persisted during the resting periods of the early cleavages of Ascaris. 
"Nous sommes done aut crises H penser que la sphere attractive avec 
son corpuscule central constitue un organe permanent, non seulement 
pour les premiers blastom^res, mais pour toute cellule ; qu'elle constitue 
un organe de la cellule au m§me titre que le noyau lui-mSme ; que tout 
corpuscule central derive d'un corpuscule ant^rieur ; que toute sphere 
precede d'une sphere ant^rieure, et que la division de la sphere pr^Me 
celle du noyau cellulaire." 

Boveri ('88) showed the continuity of the centrosome in the cleavage 
of Ascaris, and set forth his conception of a specific " archoplasm," which 
is strewn through the cell in granular form during the resting period, 
and, in mitosis, collects about the centrosomes to give rise to the radi- 
ating systems. 

Rabl ('89) observed that the resting nuclei of epithelial cells in 
Triton were indented upon one side, while in the cytoplasm, in the 
region of the indentation, was a highly refractive homogeneous mass 
which, he suggested, was due to the presence of the " Polk5rperchen '* 
or the " Attractionssph'are." 

Solger ('89, '90) found a radiating structure in the pigment cells of 
some teleosts. The cells frequently have two nuclei which are situated 
at the cell centre, and between them is a small clear area, from which 
proceed radiating lines of granules toward the periphery. The central 
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area Solger suggests to be ''das CeDtralk5rpercheii oder die Sphere 
attractive im Ganzen oder eiu Theil derselbeo.'* 

Kolliker ^39) fouud the attraction sphere in cleavage cells of Sire- 
dou while the nucleus was in the resting condition. 

BtXrger ('91) found an attraction sphere with centrosome and radia- 
tions in the cells of the body fluid of nemertines. 

Flemming ('91, '91*, '91*) described " die strahligen Spharen und 
ihre Centralkdrper " in resting leucocytes of the salamander. In the 
amitotic divisions of the nuclei of these cells the sphere does not divide, 
but Flemming believes that it exerts some influence over the amitotic 
process, since " bei den AbschnUrungen die Sphare eben nicht einer 
beliebigen Stelle der Kemmasse benachbart liegt, soudem grade an 
den AbschnUrungsbrUcken " ('91* p. 285). The centrosome was also 
found in the resting cells of the lung epithelium and in the flat con- 
nective-tissue cells and endothelial cells of the peritoneum of the sala- 
mander larva, but in these fixed cells no radiations could be seen. The 
" Centralkorper " generally consisted of two minute granules lying close 
together in the cytoplasm very near the nuclear membrane. Often a 
dark band could be seen connecting the two granules. When the 
nucleus was approaching the spireme condition the centrosomes were 
farther apart and this dark band was more conspicuous. Flemming 
therefore believed it to be ''die erste Bildungsanlage der Spindel." 

Fleomiing's discovery, made on leucocytes of the salamander, was 
corroborated by Heidenhain ('91), who also found the centrosome and 
sphere in the cells of the bone-marrow of young rabbits, as well as in 
pathological epithelium from human lungs and in some leucocytes from 
the same human material. 

Henneguy (*9l) showed the continuity of the attraction spheres in the 
developing trout egg. 

Hermann ('91) found an " Archoplasmastrahlung " in resting sperma- 
togonia of the frog, and resting spermatocytes of Helix pomatia. In 
resting spermatocytes of Proteus he describes an archoplasm with a 
conspicuous central granule. 

Moves ('91) described amitosis in the spermatogonia of the salaman- 
der. During the dividing of the nucleus the "attraction sphere" took 
the form of a ring about the region of constriction. 

Solger C9l) described an attraction sphere in resting chromatophores 
of teleosts. 

Heidenhain ('92) observed, in two cases of leucocytes with two nuclei, 
two spheres present, with a well-developed spindle formed between them. 
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Geoerallj the leacoojtes had a single sphere, even though more than 
one nucleus may have been present. 

Vom Rath ('92) found amitotic conditions in the ^ Stiitzzellen " of 
the testis of Gryllotalpa. He says, " £s gelang mir mehrfoch in unmit- 
telbarer N£the der Kerne zwei windge Oentrosomen eu erkennen und 
ebenso constatirte ich in seltenen Flillen bei eingeschntlrten Kemen 
eine deutliche Strahlung um die beiden Oentrosomen, die offenbar als 
Attractionssph&re bezeichnet werden muas** (p. 115). 

Van der Stricht ('92) showed the continuity of the attraction spheres 
in the cleavage of Triton. He also showed that the centrosomes of 
mitosis in cartilage cells of various vertebrates peirsist in the resting 
cell. 

Brauer (^93, '93*) discovered the centrosome within the resting 
nucleus of spermatocytes of Ascaris megalocepbala univalens. Pre- 
ceding a division of the cell, the centrosome divided while inside 
the nucleus and the two resulting centrosomes migrated into the 
cytoplasm. 

Moore ('93) described an archoplasm with a ^ central body," " me- 
dullary zone " and radiations in resting cells of the undifferentiated 
genital ridge of the larval salamander. The archoplasm gave rise to the 
spindle of mitosis. In leucocytes of the larval salamander a similar 
structure was found, instead of the simpler conditions described by 
Flemming ('91). 

Vom Rath ('93) described attraction spheres and centrosomes in 
various resting cells of Amphibia and studied the behavior of these 
structures during amitosis of the sexual cells. The structures were 
found also in the sexual cells of Astacus. 

Watas^ ('93, p. 442) concludes that *^ the cerUrosome is not a unique 
organ of the cell, but is identical with the microsome which exists every- 
where in the cytoplasm." 

Zimmermann ('93) described what he considered to be a modified 
attraction sphere in pigment cells of teleosts. There is a very much 
elongated '' Centralstab," comparable to a centrosome, imbedded in a 
correspondingly elongated " Archiplasm," whence proceed radiations. 
In certain very large cells the radiations proceed from a " Centralnetz" 
instead of from a " Centralstab." In the smaller cells a spherical 
<* Archiplasm '' with radiations and a minute centrosome were present. 

Hetdenhain ('94) investigated, in great detail, the conditions in leu- 
cocytes and other cells of vertebrates. The " Microcentmm," which he 
finds generaUy present, consists of two or three granules imbedded in an 
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achromatio " Centrodesmose," which he believes gives rise to the spindle. 
Tiie microcentre is the point of insertion of a system of radiating fibres, 
which extend to the periphery of the cell. These fibres, according to 
Heidenhain, are contractile and in a state of tension, which is a source 
of energy displayed in the mitotic processes. The microcentre lies at the 
centre of an astrosphere, which is bounded by a layer of microsomes 
occarring on the radial fibres at equal distances from the centre. The 
astrosphere is not an organ of the cell, but only a region which takes a 
characteristic stain because of the concentration of the radial fibres. 

In the giant cells of bone-marrow, which have polymorphic nuclei, 
mitosis occurs without a division of the cell body. In these cells sev- 
eral groups of *' Centralkdrper " were found, each group containing many 
granules. 

Heidenhain predicted that the microcentre with its radiating system 
would be found in most resting cells. 

Reinke ('94) found the centrosome and sphere in leucocytes of the 
salamander. Leucocytes of amoeboid form differed from those of 
resting form in having coarser radiations of unequal thickness and 
thickenings of the fibres arranged in arcs concentric about the 
centrosome. 

Dehler Cd5*) described a microcentre (Heidenhain), without radia- 
tions, in the red blood corpuscles of the chick embryo. He believed the 
microcentres to be derived from the centrosomes of mitosis* 

Drtlner ('95) observed centrosomes in the resting sperm cells of the 
salamander and in resting cells of the gastrula of Triton alpestns. He 
gives an extended criticism of Heidenhain's mechanical theory of the 
centred system and sets forth an opposed theory. Drflner believes that 
the radiations of the resting cell disappear before a mitosis and that new 
radiations arise from the centooeomes. He divides the mitotic process 
into two periods, the first ending with the division of the chromosomes 
in the equatorial plate. ^' Die erste Periode ist die der Expansion, die 
zweite die der Kontraction des gesammten Strahlensystems '' (p. 333). 

Niessing (*95) found the centrosome with sphere and radiations in the 
liyer and spleen cells of the salamander and in the liver of the human 
embryo. 

Vom Eath (*9S*) described a centrosome and sphere in the large 
gland cells of the head of Anilocra mediterranea ; also in the hepato- 
pancreas cells of Porcellio scaber and in spleen cells of a young dog. 
In amitotically dividing leucocytes and sperm cells there are some- 
tiroes one and sometimes two centrosomes and spheres. Vom Eath 
VOL. xxrvii. — KO. 8 2 



Digitized by CjOOQ IC 



100 bulletin: museum of compakative zoology. 

concludes '' dass eine Theiluug der AttractionssphSbre bei der Amitose 
stattfinden kanu • • .; ob sie aber immer stattfinden muss, ist 
unwahrscheinlich " (p. 61). 

Von Erlanger ('96) observed the centrosome in resting epithelial 
cells of salamander larvae. There were always two, connected by a 
band of substance. In mitosis these centrosomes moved apart and the 
spindle formed between them. In another paper C96*) he describes a 
** Nebenkem" in resting sperm cells of the earthworm. In rare cases 
a central granule and weak radiations were present. He believed the 
structure to be archoplasm and centrosome. 

Meves (*96), in the spermatogonia of the salamander, found the 
spheres of adjacent cells connected by bands of substance which are 
probably remnants of the spindle. 

Ballowitz ('97*) demonstrated the centrosome and sphere in the cells 
of the pharyngeal and cloacal epithelium of Salpa, without the use of 
stains. The material was fixed in either weak or strong Flemming's 
fluid, sublimate, or acetic-sublimate, and examined in water. The nu- 
clei are sickle-shaped, and in the concavity of each could be seen the 
large sphere which Ballowitz had previously described (*97). A de- 
tailed study of the epithelial cells of Salpa appeared in a later paper 
('98*). The centrosomes wete best seen in the unstained {lemming's 
preparations. At the centre of the sphere were generally two, but 
sometimes three or four, very highly refractive bodies. They often 
appeared to be irregularly shaped or elongated, instead of spherical 
granules. Ballowitz concludes ^'dass es zum Nachweise der Centro- 
somen nicht immer einer specifischen Farbung bedarf, dass diese wich- 
tigen Zellbestandtheile vielmehr auch in ungefarbtem Zustande in Folge 
ihres charakteristischen starken Lichtbrechungsverm5geus so sharf be- 
grenzt hervortreten, dass sie leicht und sicher in der Sphare erkannt 
und unterschieden werden k5nnen'' (p. 358). 

Ballowitz believes the sphere and centrosomes to be present also in 
the epidermal cells of Amphioxus larvse ('98). These cells have nuclei 
varying in form from those that are deeply invaginated to those that are 
sickle-shaped or complete rings. 

Eisen (*97) described a new element found by him in the blood of 
some amphibians, reptiles, and man. To this element he gave the 
name of *' plasmocyte." He attempts to show that the plasmocytes 
^' are composed of the centrosomes and archoplasm (with part of the 
cytoplasm) of the nucleated erythrocytes, . . . surviving in the blood 
serum as free and independent elements capable of growth through 
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assimilation of food, and taking their place as blood elements, equal 
in importance to the erythrocytes and leucocytes" (p. 13). 

Yon Lenhossek ('98), in studying the development of the sperma- 
tozoa of the rat, found the flagellum to be a product of the centrosome. 
In another paper ('98 ■) he described the centrosomes and " Basalkor- 
perchen ** in the cells of ciliated epithelium. In cells that did not bear 
cilia, the microcentre was present, lying at the extreme outer end of the 
columnar celL In the ciliated cells no microcentres were found, but 
there was a layer of granules just beneath the eiliated surface of the 
cell, the number of granules corresponding closely with the number of 
cilia. Von Lenhossek gives the name of " Basalk5rperchen '* to these 
granules, and thinks they are homologous with the microcentre of the 
non-ciliated cells. 

Zimmermann ('98) discusses the centrosome in epithelial and gland 
cells of mammals, including man. He points out that, as in mitosis 
the centrosome is the centre of motor processes, so in resting cells the 
centrosome is always located at the centre of activity. If there is an 
equal degree of activity throughout the cell, the centrosome is at the 
centre of the cell, unless displaced by a large nucleus (leucocytes, pig- 
ment cells, non-striated muscle cells) . In gland cells, it is at the centre 
of secretory activity. In ciliated cells and epithelial cells with pseu- 
dopodial processes, the microcentre is close to the outer end of the cell. 
Where there is a single flagellum, as in the spermatozoon, the centro- 
some is at the point where the flagellum enters the cell. He says 
(p. 697) : ^' Ich glaube . . . dass, ganz allgemein gesprochen, das Mikro- 
centrum das motorische Centrum, also das ' Einocentrum ' der Zelle sei 
(gegenttber dem Kern als ' Chemocentrum ')." 

Von Lenhossek (*99) describes a microcentre, in the sense of Heiden- 
hain, in the non-striated muscle cells of the cat. As non-striated muscle 
cells are known to divide by mitosis in cases of regeneration, we should 
expect to find the microcentre in the resting celL 

Among other authors who have described centrosomes in resting cells 
may be mentioned Hansemann ('91, *93 ; cells of human brain tumor, 
cancer cells, human leucocytes, mesenterial connective tissue of young 
cats and rabbits) ; Guignard ('91, '97 ; plant cells) ; Eismond ('94 ; 
cleavage cells of Triton tseniatus and Siredon) ; Zimmermann (*94 ; 
human epithelium, stroma cells of cat ovary) ; de Bruyne ('95 ; con- 
nective-tissue cells) ; Moves ('95 ; spermatogonia of salamander ; '95' ; 
sesamoid cartilage cells in the tendon achilles of the frog) ; Moore 
('95; sperm cells of elasmobranchs) ; Rawitz ('95; sperm cells of sala- 
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mander) ; Gulland ('96 ; leuooeytes) ; Spaler C96 ; oonnective-tissue 
cells) ; Child ('97 ; ovarian stroma cells of mammals) ; - Heidenhain 
('97 ; red blood corpuscles of duck embryo) ; Eawitz ('96 ; sperm 
cells of Scyllium canicula) ; Niessing ('99 f lymphocytes). 

Reyiews of the centrosome qaestion, with lists of literature, have been 
given from time to time by various authors, among them Flemming 
('93), Moore ('93), Hacker ('94), Heidenhain ('94), vom Rath ('95), 
Henneguy ('96), von Erlanger ('97), Heidenhain C97), Koetanecki 
und Sledlecki C97)9 BUhler C98; oentrosome in nerve oells), and 
Meves ('98). 

m. Methods of Investigation. 

The identity of the so-called oentrosome of nerve cells with the oen- 
trosome of mitosis can be established by a series of observations showing 
that the centrosome of the last mitosis of the embryonic nerve cell 
persists through the development of the nerve cell and becomes the 
structure seen in the resting cell ; or, if the cells can be induced to 
divide by mitosis, it may be possible to show that the oentrosome of 
the resting cell gives rise to the centrosomes of the mitotic figure. The 
problem, then, is open to attack from two directions. Given, material in 
which the presence of a centrosome in the differentiated nerve oeUs can 
be demonstrated, — as it has been in many vertebrates and inverte- 
brates, — and in which the centrosome is also to be found in the embry- 
onic neural tissuec^ — as Heidenhain und Cohn ('97) have found it in 
the neural epithelium of bird embryos, — then we may seek to establish 
the genetic relationship of the organ ux the embryonic cell with that (tf 
the differentiated celL 

A second method of investigation is offered by the process of regen- 
eration. If any cells of adult nervous structures are capable of under- 
going mitotic division, regeneration would seem to offer the most 
favorable opportunity for the exercise of such power. I^ however, 
the regenerated nerve oells do not arise from old nervous tissues, the 
development of the new nerve cells frt>m other tissues would still offer 
opportunities for determining whether the " centrosome," if present in 
the regenerated cells, had persisted from the last mitosis in the history 
of the celL 

The question arises as to whether prooesses which take place in the 
embryonic origin of nerve cells will be repeated in the regenerativ 
development of similar cells. To show that a centrosome in a regen- 
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erated nerve oeU is one of the oentrosomet of the mitoBis of the mother 
cell, does not necessarily prove that the centrosome of a nerve cell 
which has arisen by the natural embiyonio process of development is 
also identical with a centrosome of the mitosis of its parent celL Tet, 
if the r^enerated nerve cells arise from ectodermal tissues, we should 
certainly expect the processes of regenerative development to resemble 
very closely those of embiyonic development, especially in so funda- 
mental a thing as the fate of mitotic organs. Many investigations have 
shown the similarity of regenerative and embryonic processes. If it is 
shown that the " centrosome ** of a regenerated nerve cell is a true 
centrosome, — that is, the oigan concerned in mitosis, — it must be 
admitted as highly probable that the similar oi^gan in the naturally 
developed cell is likewise a true centrosome. 

In an investigation upon any one kind of material, the regenerative 
process has an advantage over the embryonic, for it affords not only 
the opportunity for the study of the development of nerve cells, but 
also the possibility of observing whether the structures under considera- 
tion in the already differentiated nerve cells have anything to do with 
the formation of new cells. 

The observations about to be described have been made upon tissues 
in process of regeneration, the object being twofold, — to determine, 
first, the behavior of elements in old nervous structures in the presence 
of the necessity for regeneration ; and, secondly, the source and method 
of development of the new nervous parts. 

1. Material. 

Two qualities were demanded of material intended for this work. 
The fiiUy differentiated nerve cells must contain some such structure as 
has been called a centrosome by various authors, and the animal must 
have the ability to regenerate excised parts of the nervous system. It 
was at first proposed to work upon the annelid, Axiothea (Clyme- 
nella) torquata. In the giant cells of a nearly allied form, Cljmene 
producta. Miss Lewis ('96, '98) found the centrosome and sphere to be 
present. I found some evidence of a centrosome in the giant cells of 
Axiothea, but nothing as definite as Miss Lewis demonstrated for Cly- 
mene. Axiothea was found to regenerate segments very readily at 
either the anterior or posterior end. I obtained regeneration in a large 
number of the worms during the summer of 1898, at the laboratory of 
the United States Fish Commission at Wood's Hole. A number of seg- 
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ments having been cut from either or both ends, the worms were placed 
in glass vessels partly filled with clean sand over which ran sea water. 
In the course of two to four weeks a considerable regeneration was 
found to have taken place at the cut ends. Two facts caused this 
material to be abandoned. The centroaome in the giant cells was too 
indefinite a structure to deal with satisfactorily, while the very limited 
number of giant cells in a segment made the prospect of obtaining a 
comprehensive series of conditions in the regenerative development of 
these cells anything but encouraging. 

Hamaker C98) demonstrated some centrosome-like structures in the 
nerve cells of Nereis. I made preparations of Nereis and found some 
very decided evidence of the presence of the centrosome in the cells of 
the ventral ganglia (page 115). At the same time I examined nerve 
cells of the earthworm, obtaining results which inspired further investi- 
gation of that material This fact, together with the well-known regen- 
erative power of the earthworm and the greater ease of conducting 
regeneration experiments upon the land annelid, determined its use for 
this work in preference to Nereis. It is, therefore, mainly with the 
earthworm that the following work has to do. 

2. RbOENERATION ]S}!£TH0DS. 

The worms, Allolobophora (terrestris Savignyl) and Lumbricus agri- 
cola Hoffmeister, were easily obtained near the laboratory in Cambridge. 
From five to ten segments were removed from the anterior end, and the 
beheaded worms were placed in large earthen jars filled with the soil in 
which the worms were found. The soil was first carefully examined and 
all other worms removed. Most of the regeneration was obtained duriog 
the winter or early spring months. The jars were kept in the vivarium 
at a temperature of about 16^ C. The earth was moistened from time 
to time so that it never became dry at the surface. Many of the be- 
headed worms bunowed a short distance below the surface, but many 
others refused to burrow and persisted, if buried under a little earth, in 
returning to the surface. To protect them from the light and from 
drying, sheets of moistened filter paper were spread over the sur&ce of 
the earth and the jars were covered with glass plates. 

The cutting of the anterior end prevented feeding. In the course of a 
few days the intestine of the worm was entirely free from earthy mate- 
rial. The smaller worm, Allolobophora, generally burrowed beneath the 
surface and coiled itself into an intricate close knot, remaining in that 
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ooudition, unless disturbed, as long as it was kept, — five or six weeks. 
The larger earthworm, Lumbricus, which generally remained on the 
Borfkce, was always found stretched out when the earth was exposed for 
moistening. 

An attempt was made to keep some worms during regeneration in 
glass vessels containing moist filter paper, instead of in earth ; but the 
method was more troublesome and possessed no advantages over the 
other. Unless the paper was changed every day or two, the worms were 
likely to die, while of those kept in the earth only about ten per cent 
died during regeneration. 

Worms were killed after from seven to forty days subsequent to the 
operation. In Allolobophora, the light-colored conical bud that marked 
the regenerated segments was usually to be seen in two or three weeks 
after the operation of cutting. Lumbricus regenerated much more 
slowly. All of the preparations which I shall discuss are from indi- 
viduals of Allolobophora. 

Begeneration of posterior ends was also obtained, but little was done 
upon that material The anterior ends have the advantage that the 
regeneration of both the brain and ventral nerve-cord can be observed. 

When the desired period of regeneration had elapsed, the worms 
were dropped into fresh water for a moment to remove the clinging 
earth. The anterior end, including some six to twelve of the old seg- 
ments, was clipped ofif with scissors and the fragment bearing the 
regenerated part was at once dropped into the fixing fluid. Stupefac- 
tion, where such small fragments were to be fixed, was found to be of 
00 advantage. 

In the less advanced stages of regeneration the inability to feed made 
unnecessary the cleaning out of the intestine before fixing. In some 
of the more advanced stages feeding had been resumed and the worms 
had to be kept upon moist linen for a day or two until the anterior 
part of the intestine had become clean. 

3. Fixing Fluids. 

The best fixing fluid for general purposes was found to be Flem- 
ming's stronger chromic-osmic-acetic mixture. This flaid not only gave 
the best fixation of the old ganglion cells, but also gave by far the most 
satisfactory fixation of mitotic cells. Some of the best demonstrations 
of the exceedingly fine radiating fibrillse in the ganglion cells were ob- 
tained by this method, and the achromatic fibres of the mitotic figure 
were very sharply brought out. 
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Material was left in the fixing fluid for from five to forty-eight hoiirs. 
A longer or shorter time within these limits gave no appreciable differ- 
ence in results. The objects were then washed in distilled water for 
about twenty-four hours, then passed through ascending grades of 
alcohol; cleared in cedar oil and imbedded in paraffin. 

Hermann's acetic-osmic-platinic chloride mixture was used with good 
results, although it seemed to be in no way superior to the Flemming 
mixture. The Flemming preparations gave a rather better quality of 
stain with Ueideuhain's iron-heematoxylin. The method of treatment 
with Hermann's fluid was similar to that just described for Flemmiog's 
fluid. 

Yom Eath's picric-osmio-aoetio-platinic chloride gave no results of 
value. The after treatment with crude pyroligneous aoid was used as de- 
scribed by vom Rath ('95). In some cases a two per cent solution of pyro- 
gallic acid was substituted for the pyroligneous, with similar results. 
The length of time of the after-treatment^ during which the reduction of 
the platinic chloride takes place, was varied, but in all cases the cytoplasm 
was blackened to such an extent that it became too opaque for the 
observation of the exceedingly delicate structures revealed by other 
methods. In some preparations mitotic figures were brought out with 
remarkable clearness by this method, especially as to the sharpness of 
spindle fibres, but, for the observation of polar and cytoplasmic struc- 
tures, fixation in Flemming's or Hermann's fluid followed by a regressive 
stain gave results far superior to those obtained by a method which 
depends upon the deposition of a metallic salt in the cell structures. 

Corrosive sublimate in a saturated aqueous solution containing one 
per cent of acetic acid was used with results which corroborated those 
obtained by the Flemming and Hermann fluids as to cytoplasmic 
structures in the ganglion cells, but the demonstration of these strucp 
tures was far inferior to that obtained by the other methods. The sub- 
limate failed to bring out the finer structure of the cytoplasm as clearly 
as the osmic mixtures. Radiating fibres were very indistinctly shown. 
The sublimate gave decidedly inferior results in the demonstration of 
mitotic figures. My preparations lead me to believe that the sublimate 
efiects violent mechanical injuries in delicate tissues. In such sohd 
tissues as the epidermis or intestinal epithelium there were no evidences 
of injurious effects ; but among the very loosely aggregated masses of 
cells that constitute some of the regenerated parts, there were signs of 
serious damage. In the epidermisy for example, spindle figures occur 
imbedded in a dense cytoplasmic mass. These figures were faithfully 
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preserved by the sublimate. In the regenerating brains and ganglia, the 
mitotic figures more often occur in cells the remaining contents of which 
appear to have become entirely fluid. Such figures, unsupported by a 
dense cytoplasm and completely exposed to the action of the fixing fluid, 
were very seriously distorted in the sublimate preparations. In all cases 
spindle fibres were very poorly shown in the sublimate preparations. 

As for the superiority of Flemming's fluid for the demonstration of ttie 
centroBome, my experienoe agrees with that of Ba]lowitz ('97', p. 358) 
who demonstrated centrosomes in epithelial cells of Salpa without the 
use of stains. He succeeded in doing this with sublimate, but Flem- 
ming's fluid gave by far the best results. He says, ** Ich behaupte auf 
Grand meiner Erfahrungen an meinem Untersnchungensobject, dass es 
mit grdeserer Sicherheit und mehr Constanz geliugt, die Centrosomen 
an dem mit Flemming'scher Ldsung fixirten, ungefarbten Material zu 
erkennen, als durch specifische Tinction an den mit Sublimat behan- 
delten Objecten sichtbar zu machen.'' 

My Flemming preparations were all stained with iron-haematoxylin, 
but they were decolorized to such an extent that, examined by a low 
power, the cell bodies i^peared scarcely darker than in the unstained 
preparation. But examination with high power revealed the fact that 
the cell granules had retained the stain. It was in such preparations 
that central granules were most clearly seen, because of their deep stain 
in contrast to the unstained ground substance of the cytoplasm. Her- 
mann's fluid gives substantially the same results in this respect. I 
have examined unstained Hermann's fluid preparations and have been 
able to distinguish taitlj well the granules and fibrills of the cytoplasm. 
In stained sublimate preparations there is apt to be present in the cyto- 
plasm a large amount of deeply staining material scattered about in 
irregular masses, obscuring finer details of structure. If the decolor- 
izing is carried so &r as to clear out these masses, the granules and 
fibrillae are left much less distinct than in the decolorized osmic acid 
preparations. 

All the material was cleared in cedar oil and imbedded in paraffin. 
Sections were cut generally 6} fi thick. A few series were cut at 3^ /i. 

4. Stains. 

Heidenhain's iron-heematoxylin proved to be by far the most useful 
stain. Sections were treated with a two per cent solution of iron-alum 
from three-quarters of an hour to three hours and stained about the 
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same length of time in a one-half per cent solution of hsematoxjlin. 
Decolorization was effected hy the two per cent mordant, the process 
being controlled under the microscope. 

This stain gave the best results both for the structure of the nerve 
cells and for mitotic figures in the regenerating tissues. No advantage 
was found to be gained by using safranin in combination with the 
hematoxylin. From what has been said, then, it follows that fixation 
in Flemming's mixture, followed by the iron-hsematoxylin stain, proved 
to be the best combination. 

Gentian violet was used to obtain sharp selection of kinetic chroma- 
tin, but it was useless for finer cytoplasmic structure. Kemschwartz 
gave results similar to those obtained by the u-on-hsmatoxylin, but 
inferior in clearness. One sublimate series was stained in Kemschwarts 
and safranin with fairly good results, especially as to some cells of the 
regenerated epidermis (Figures 44 and 45). 

Whatever the stain used, the best demonstration of the ''centro- 
some " and cytoplasmic fibrillsB was obtained wheu the stain had been 
well extracted from the cytoplasm. In heavily stained cells the finer 
structures were made out with much greater difficulty. 

5. Drawings. 

The preparations were studied with a Zeiss ^ oil immersion and 
Zeiss achromatic oculars 3 and 4. The drawings were made with the 
aid of an Abb^ camera. Attention is called to the fact that all the 
drawings of cells and mitotic figures are to the same scale, a magnifi- 
cation of 2000 diameters. The outlines of cells, nuclei, and nucleoli 
were traced with the aid of the camera. Generally the "centrosome ** 
and prominent granules could abo be located, but only in rare cases 
could the radiations represented in the figures be seen with the camera 
in place. The figures are reproduced from pencil drawings. 

A diagrammatic treatment of the drawings was avoided as far as pos- 
sible, and it was attempted rather to reproduce, as accurately as could 
be, the appearances seen in the preparations. The drawings were 
reproduced by the heliotype (gelatine) process because by it a more 
accurate reproduction of the relative conspicuousness of the structures 
represented in the drawings may be obtained than by the lithographic 
process. It must l)e understood, however, that in the figures of nerve 
cells the conspicuousness of the radiating systems is slightly exa^ 
gerated. These lines catch the eye more readily in the printed figures 
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than they do in the preparations. In most cases it required the most 
careful focussing and yarying of illumination to bring out the less 
distinct radiating fibrillse. 



IV. Observations. 
1. Thb Nbbve Cells of Lumbbicidjb. 

My first study to ascertain the condition of the nerve cells of the 
earthworm was made upon normal unregenerated material fixed in 
sublimate and stained in iron-hsematozylin. Some evidences of cou- 
ceutric and radial cytoplasmic structure were found, suggesting the 
presence of structures which might be brought out more clearly by 
.better methods. 

In transverse sections of the ventral ganglia the greater number of 
ganglion cells are cut in planes parallel to their long axes. The cells 
are situated ventrally and laterally in the cord. They are unipolar 
and pear-shaped, the larger ends being peripheral, while the processes 
extend dorsally and centrally. The nuclei, with extremely rare excep- 
tions, are situated in the process end of the cell, often so far toward 
that end that the nuclear membrane is tangent to the tapering sides of 
the celL The diameter of the nuclei varies from 6/i to 16^ The 
cells are from 22 fi to 60 fi in length, and from 10 ^ to 28 ^ in transverse 
diameter. 

The nuclei are always nearly or quite spherical and never invaginatecL 
In the resting nerve cells of many animals where the centrosome has 
been found the nucleus has been described as invaginated, the centro- 
some occurring in the cytoplasm on the invaginated side of the nucleus. 
The position of the nuclei in the nerve cells of the earthworm is such 
as to leave by far the greater mass of cytoplasm on that side of the 
nucleus opposite the nerve process. 

Early in my study of these cells I was impressed with the fact that, in 
a large number of them, more or less irregular small masses of deeply 
stained material occurred near the nucleus and on the side of it toward 
the centre of the cell. If a line through the oentre of the nucleus and 
the centre of the cell be called the axis of the cell, these masses occurred 
in or near the cell axis. Occasionally faint radiations could be detected 
coming from the region of the central masses just mentioned and extend- 
ing toward the periphery of the cell. 

A more careful study of later and more favorable preparations 
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demonstrated the oommon occurrence, in the cells of the brain and 
ventral ganglia, of such cytoplasmic structures as are represented in 
Figures 1-9. 

Figures 1, 2, and 3 represent cells from the suboesophageal ganglion 
of a normal worm, — that is, one that had not undergone regeneration. 
These cells are from a preparation which was fixed in strong Flem- 
ming's fluid for forty-eight hours and stained in iron-hsBmatoxylin. 
The cells are typical unipolar nerve cells, lying in the ventral ante- 
rior region of the ganglion, with their processes extending dorsally. 
Figure 4 represents a cell from the dorsal posterior border of the brain 
of the same animal. 

a. The Nuclei. 

The nucleus of the nerve cell has a characteristic appearance. In osmic 
acid preparations it is nearly always spherical, or departs only slightly 
frx>m that form, as in Figures 2 and 4. In sublimate preparations, how- 
ever, there are often irregularities in form, as seen in Figure 5. From 
a general comparison of my osmic-acid preparations with those fixed in 
sublimate, I am inclined to believe that the nuclei often suffer distortion 
in sublimate, and that the spherical form represents a more faithful 
fixation. The excentric nuclei are never flattened nor invaginated, ex- 
cept in a few cases in which I have observed that one side of a nucleus 
was indented in such a way as to suggest mechanical distortion due to 
fixation. So fluid are the contents of the nuclei that it is not strange 
that such distortions should sometimes occur. These indentations, 
which are probably artificial, had no regularity in form or in position. 

The nuclei mu^t contain a very large proportion of fluid material 
which is not coagulated by the fixing agent. In both stained and 
unstained preparations the nuclei are much clearer than the surrounding 
cytoplasm. They contain a very small amount of matter that takes 
stain. 

With very rare exceptions, there is but one nucleolus. It is always 
excentric, often very near the nuclear membrane, and generally depu:ts 
little from the spherical form. In osmic-acid preparations the nucle- 
olus is always sharply outlined and never exhibits anything but a 
perfectly homogeneous structure. It takes a quality of stain different 
from that of the chromatin, being somewhat brownish instead of dark 
blue or black. This is doubtless due to the fact that it does not take 
or hold the stain as strongly as the chromatin, the bi*own color being 
due to the osmic acid. 
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The chromotio substance is scattered about in the form of small 
granules, approximately spherical in shape but more or less irregular. 
They are often not sharply outlined and appear as if imbedded in some 
achromatic substance. The chromatic granules are mostly collected 
about the periphery of the nucleus where, with the achromatic sub- 
stance, they form a very loose, irregular network. Many of the chro- 
matic masses appear to lie directly upon the nuclear membrane. The 
central region of the nucleus is often quite free from chromatic ma- 
terial The occurrence of small sharply stained chromatic granules 
close about the nucleolus, or lying directly upon its surfJEU^e, is a yery 
common condition. Figures 1, 2, and 3 show these well. 

Eather coarse strands of achromatic material form more or less of a 
network between the chromatic masses. There is often a tendency 
toward a radial arrangement of this network about the nucleolus, which 
appears supported within the nucleus by that means (Figures 3 and 4). 
The nuclear membrane is always veiy sharply outlined, being empha- 
sized at the median plane of focussing by the occurrence of chromatic 
masses upon it. 

b. The Cytoplasm. 

Very little can be said as to the finer structure of the cell proto- 
plasm. The most careful examination fails to reveal its precise nature. 
It yaries in degree of homogeneity somewhat according to the size of 
the celL In the smaller cells (Figures 4, 7, 8, and 9) it usually 
appears compact and fairly homogeneous. In larger cells (Figures 2 
and 3) it is much less homogeneous, and there is a tendency toward the 
formation of largo yacuolar spaces, as seen at the process end of the 
cell in Figure 2. 

The substance of the fixed cytoplasm, as it appears to the eye, may 
be said to be of four kinds. There is (1) a perfectly homogeneous 
'' ground/' represented by the lightest areas in the figures ; (2) material 
which giyes the impression of being very finely granular ; in the smaller 
cells this material is quite evenly distributed, while in the larger cells it 
tends to concentrate in regions, giving the cytoplasm a blotchy appear- 
ance ; (3) rather conspicuoos granules or masses staining fairly deeply 
and often surrounded by an area within which the material of the sec- 
ond class is less dense, as best seen in Figures 2 and 3 ; (4) fine fibres 
irregularly distributed throughout the cell body, but often appearing to 
be associated with the more conspicuous granules and sometimes occur- 
ring about granules as centres of radiation, as can perhaps be recognized 
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in some places in Figures 2 and 3. It is possible that the grannies 
of the third class may be due simply to concentration of the finely 
granular material of the second class. 

To what extent these appearances in the fixed cell correspond to 
structure in the living cell ciuinot be said. The occurrence of the 
larger granules or masses within clearer areas suggests coagulation 
effects, the substance of the clearer area having been massed at the 
centre of it by the action of the fixing fluid. It is quite likely, how- 
ever, that there may be some structural basis for this effect. The 
occurrence of fibres radiating from these larger granules suggests that 
they may mark the more important centres of a cytoplasmic netwoi^. 

In some cells, especially in certain ones of the brain, a system of 
fibres could be detected lying at the periphery of the cell and extending 
out into the nerve process. 

In the larger cells no definite, sharply outlined cell membrane is ever 
seen. The cells appear to be enclosed by fine connective-tissue fibres, 
which form more or less of a capsule about them. Small nuclei, doubt- 
less of non-nervous nature, often occur about the nerve cells, as seen in 
the regenerated cell of Figure 11 (Plate 2). 



c. The Centred System, 

Evidences of concentric and radial stmctiu^ are commonly seen, but 
the exact nature of this structure would be overlooked except in the 
most careful study, with the aid of oil immersion lenses. 

CeUe of the first type, — The conditions represented in Figure 1 may 
be considered typical for a lai^ number of cells. This cell is from a 
section 6f /u thick. In focussing up and down upon the section the 
eye is caught by a granule which is conspicuous by its size, sharpness 
of outline, and depth of stain. If it were a matter of a few cells or a 
single one, this might be a chance condition, but when a similar con- 
dition is commonly found in the observation of a large number of cells^ 
we must conclude that we have not to do with an accidental granule. 
Moreover, when such a conspicuous body is found to occupy a definite 
and constant position in relation to other parts of the cell, and when it 
is found to be the centre of a system of radiating fibres, it is evident 
that the whole structure is one of importance. In speaking of the 
centre of this structure as a " conspicuous granule," it is not meant 
that it is the first thing that catches the eye in a casual glance at 
the cell. Many of the granules or masses, which have been described 
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as forming the third class of constituents of the fixed cell, may be more 
prominent because of their greater size and their frequent occurrence 
within a clear area. But these larger masses differ from the central 
granule in being less deeply stained and less sharply outlined. The 
central granule is conspicuous as compared with any bodies in the finely 
granular cell substance. When once found, it is generally very easy to 
distinguish it from other elements contained in the cell body. 

The position of the central granule is characteristic. It always lies in 
the part of the cell opposite the nerve process, and very nearly in the 
long axis of the cell. It is generally very near the nucleus, as in 
Figures 2 and 3 ; but it may be farther away, as in Figure 4, especially 
if much the greater bulk of the cytoplasm is on that side of the nucleus. 

The central body of Figure 1 is a single minute granule, and is spher- 
ical, as nearly as could be determined for a thing so small. It lies at 
the centre of a very small spherical space which appears in the section 
as a narrow clear area about the granule. The clear area is not sharply 
outlined. 

Several extremely delicate radiating fibres extend outward from the 
central granule into the sun-onuding cytoplasm. Those represented in 
the figure all lay in a plane parallel to the surface of the section. It 
was rarely possible to detect a fibre if it was so oblique that it did 
not come into the focal plane all at once. Generally not more than six 
or eight of these fibres could be detected. In all of the first nine figures 
can be seen fibres which extend well out toward the periphery of the 
cell Many of the radiations, however, could not be traced so far. So 
fioe are these radiations that it is only with the greatest difficulty that 
anything as to their nature can be made out. The more conspicuous 
radiations appeared to be made up of minute granules arranged in line. 
The finer radiations show no evidence of granules, appearing rather as 
most delicate hyaline threads. However, radiations were found exhibit- 
ing both characters at different parts of their course. It is therefore 
probable that these radiations consist of achromatic fibrils bearing 
more or fewer granules along their courses. The granules may be so 
thickly set that the radiation appears as a line of granules, or they 
may be absent, when only the achromatic fibril can be seen. 

If a distinct radiation be carefully traced, it will be seen that at inter- 
vals there occur some fairly conspicuous granules, which are more easily 
seen because of a surrounding clear space. Figures 1, 2, and 3 show this 
to some extent, but the fact is much more clearly brought out in some 
of the regenerated cells to be described later (Plate 2, Figures 10-13). 
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Very often these granules, which occur along the course of a radiation, 
mark the point of divergence of secondary fibrils. In Figure 1, if the 
radiation which is most nearly in the axis of the cell be followed for 
one-third its length firom the centre, a granule will be seen from which 
two fibrils proceed on toward the periphery of the cell. Figure 2 shows 
similar conditions, but the regenerated cells (Plate 2, Figures 10-13) 
exhibit this arrangement more clearly. 

Figure 2 represents a cell of the same type as that of Figure 1 j but 
the central body is much nearer the nucleus, and is either elongated or 
else consists of two granules very close together. The eentral clear 
space is confluent with the clear spaces around two granules that lie in 
the courses of radiations from the central body. 

Figures 5 and 6 are from acetic-sublimate preparations stained in iron- 
hsBmatoxylin. They represent cells very similar to those just described. 
The attempt has been made to show something of the difference be- 
tween the appearance of an osmio^^tcid and a sublimate preparation. 
The nuclear structures are fairly well brought out by the sublimate, but 
not so clearly as by the osmic acid. The structure of the cytoplasm is 
much less definite, but as far as it could be made out, it agrees with the 
description given for osmic preparations. Both cells show some evi- 
dence of an arrangement in the cjrtoplasm concentric about the centre 
of the radiating system. This is especially well marked in Figure 6. 

Cells of the Second Type, — Figure 3 represents a cell in which a 
further complication of the radial system is introduced. The central 
body in this case appeared very large and of irregular form, but careful 
focussing resolved it into three granules of different sizes. They are 
surrounded, not by a clear space, but by a region which i^pears dense 
and very finely granular. The limit of this region is emphasised, in 
the section, by the occurrence of a number of stained granules which 
are arranged in the arc of a circle about the central granules. The 
radiations from the centre can be seen to include in their courses cer- 
tain conspicuous granules lying in this arc. This finely granular region 
is evidently comparable to the " sphere ** described hj many authors. 
Figure 3 is strikingly similar to some of the figures in BUhler's pi4)er 
of 1895. 

Figures 7, 8, and 9 (Plate 2) represent small cells of tliis type from 
the brain. In Figure 7 the body of the sphere differs in no visible way 
from the surrounding cytoplasm, but a number of grannies form a 
complete circle about the central granule. In Fignre 8 the entire radiat- 
ing system is very feint, but there are evidences of two oonoentric cir- 



Digitized by CjOOQ IC 



rand: KEBVOUS system of LUMBRICIDiB. 115 

cles. The structure in Figure 9 is very similar to that in Figure 3* 
The central body may consist of two granules, but they could not be 
clearly separated. 

Figure 4 (Plate 1) represents a condition frequently met with. There 
is, in the cell drawn, a condensation of finely granular cytoplasm ex- 
tending halfway from the centre to the periphery of the cell. This is 
probably in no way comparable to such a sphere as is shown in Figures 3 
and 9. It is not sharply outlined, and it lacks the bounding layer of 
granules. The body at the centre of this finely granular region is sur- 
rounded by a clear space ; and radiations, lacking, however, any con- 
spicuous granules, extend toward the' cell periphery. Cells of this 
character may best be considered as belonging to the first type (Figure 1), 
as far as the structure of the radiating system is concerned. 



2. Thb Nervb Cells of Nereis. 

In the ventral ganglia of Nereis are certain large cells situated near 
the median plane and having their nuclei in their dorsal or process 
ends. The nuclei are often flattened or invaginated on the side toward 
the cell centre. In one very large cell with an invaginated nucleus an 
intensely stained granule was seen lying in the concavity of the nucleus, 
and around the granule were several fine radiations. The cytoplasm 
was completely decolorized, the granule mentioned being the only stained 
object in it. This appeared to be a good case of the " centrosome." 
Nereis was not studied sufficiently to determine whether such structures 
are commonly present. 



3. Outline of the Process of Regeneration of the Brain 
AND Anterior Ganglia. 

The regeneration of the anterior ends of the worms (Allolobophora) 
took place substantially in the manner described by Hescheler ('98). I 
have made no preparations at periods of regeneration earlier than seven 
days. 

Figure 14 (Plate 3) represents a parasagittal section of the anterior 
end of a worm afler seven days' regeneration. The limit of the 
old tissues is easily distinguishable in all such early stages, and, in 
fact, there is no difficulty, up to a comparatively late period, in distin- 
guishing old tissues from those that are being regenerated. In Figure 14 
the old epidermis ends at points designated by the asterisks. The new 
VOIm xxxvii. — KO. 8 8 
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epidermis, between these points, is considerably thinner than the old. 
Underlying the new epidermis is a solid cicatricial mass of considerable 
thickness. The circular and longitudinal muscle layers are seen to end 
abruptly against the inner surfaoe of the cicatricial mass. The anterior 
end of the alimentary canal is closed by the cicatrix and may remain 
closed for several weeks. The nerve cord also ends abruptly against the 
cicatricial mass. Even after the regenerating part of the cord is well 
established, the limit of the old cord is sharply indicated by the end of 
the old sheath, the inner homogeneous layer of which generally curls 
outward and backward a little at its cut end. In the preparation from 
which Figure 14 is taken, a more or less lens-shaped mass of newly 
formed cells lay near the end of the old cord. This is better seen in 
Figure 18 (Plate 4), which shows the end of the cord drawn to a larger 
scale, — 160 diameters. Two mitotic cells (Figure 18, cL mU,) are seen in 
the lens-shaped mass. The origin and nature of them will be discussed 
later (page 121). 

Figure 15 represents a parasagittal section through the anterior end 
of a worm after sixteen days' regeneration. The regenerated parts are, 
as in the younger stage, included between two asterisks. The regen- 
erated epidermis remains thinner than the old epidermis. A thin layer 
of circular (mu, crcJ) and of longitudinal muscle fibres (mu. IgJ) has 
been laid down in the conical regenerated end. The end of the old 
nerve cord is sharply marked by the extent of the sheath (fuj) and the 
abrupt termination of the mass of ganglion cells. Extending forward 
from the end of the old cord is a fibre tract, which runs out to the apex 
of the cone, lying ventral to the alimentary canaL The fibres become 
less distinct anteriorly, and are lost in a mass of cells underlying the 
epidermis. Along the ventral border of this fibre bundle is a thin layer 
of cells (jpi. nov.) whence are to be derived the cells of the regenerated 
ganglia. 

Figure 16 is from a parasagittal section of a worm after twenty-four 
days' regeneration. The regenerated parts are included between two 
asterisks. There is much variation as to the relative times of appear- 
ance of the regenerated organs. In Figure 15 (16 days) the regenerated 
muscle layers are well established. In Figure 16 (24 days) only a few 
longitudinal muscle fibres in the ventral part of the r^enerated cone 
are to be seen. 

In the sixteen-day preparation (Figure 15) the alimentary canal does 
not open to the exterior. In Figure 16 (24 days) the breaking through 
of the alimentary canal to the exterior is nearly, if not quite, accom- 
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plished. According to Hescheler the alimentary canal grows forward to 
meet a stomodsBum or invagination of the epidermis, and the opening 
to the exterior is effected by a rupturing of the epithelial and epider- 
mal layers, the epidermal invagination becoming the mouth cavity and 
the r^on posterior to the point of rupture becoming the pharynx. In 
the preparation from which Figure 16 is taken, the epidermal invagina- 
tion has progressed to meet the alimentary epithelium. In some sec- 
tions a delicate layer of the epithelium was found still closing the end 
of the canal (see Figure 16). In other sections this layer was broken 
away, probably accidentally. 

As to the nervous system, Figure 16 represents a much more advanced 
stage of regeneration than Figure 15. In this advanced stage the end 
of the old cord is as sharply marked as ever. The new fibre tract has 
extended forward to encircle the alimentary canal, the two branches 
uniting in a small mass of cells (<gn, $u*o€$,) above the stomodeal 
invagination. This mass of cells constitutes a well-defined brain 
fundament. 

After the condition of Figure 16 has been reached, we have to do 
only with growth and segmentation of the parts already laid down. I 
made no preparations of material regenerated more than forty days. 
There is much individual variation as to the rapidity of the process. In 
one animal after thirty-four days' regeneration the brain was scarcely 
smaller than in the normal worm and had come to occupy its position 
in the third segment The nnmber of segments regenerated in this case 
could not be determined. The brain and anterior end of the ventral 
cord in this animal could hardly be distinguished from those of a nor- 
mal worm except for the occurrence of numerous dividing cells at the 
anterior tip of the cord and in the posterior dorsal region of the brain. 
The sheaths enclosing the new nervous parts were well developed. But 
in most of the worms, after thirty-five to forty days' regeneration, the 
regeneration of the nervous parts had not reached so advanced a 
stage. 

The foregoing statements are sufficient to give a general outline of 
the process of regeneration. Hescheler ('98) has described the process 
in more detail; as far as my observations go, my results agree with his. 
I now propose to discuss the origin of the new nervous parts more 
minutely. 
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4. Origin of thb Cbli^ of thb Nebyoub Fundaments. 

According to Hescheler the cells which give rise to the regenerated 
brain and ventral ganglia are derived chiefly from the epidermis. The 
cicatrix is at first composed of lymph cells and spindle-shaped ceUs of 
doubtful origin. Later appear cells with nuclei like those of the epi- 
dermis. These he believes to be derived chiefly from the epidermis, 
but some may come from the alimentary epithelium and some from cer- 
tain large nuclei found in the muscle layers. In addition to these 
sources there is mitosis within the old nerve cord which doubtless gives 
rise to cells that assist in the regeneration. 

From my own preparations similar conclusions as to the origin of 
the regenerated nervous elements must be drawn, except that only in 
rare cases is there any evidence that cells of the old cord assist in the 
regeneration. 

In the preparation from which Figure 14 is taken, the cicatrix (eie.) is 
a solid mass composed mainly of greatly elongated spindle-shaped cells 
with small oval or elongated nuclei. Figure 17 represents a number of 
these cells more highly magnified. The nuclei are totally unlike epi- 
dermal nuclei, being much smaller, of different shape, and lacking a 
prominent nucleolus. Epidermal nuclei drawn to the same scale as 
Figure 17 may be seen in Figures 43-45 (Plate 6), There are also pres- 
ent in the cicatricial mass some very small spherical nuclei. These are 
doubtlesa nuclei of lymph celH for they present exactly the appearance 
of the nuclei of the lymph cells commonly found in the body cavity. 
These lymph cells^ in some preparations, are much more numerous in 
the regenerating region than elsewhere, often occurring in almost solid 
masses. 

There is individual variation as to the character of the cicatrix^ In 
most of my preparations of early stages (7 to 11 days) the cicatrix was 
composed chiefly of the spindle-shaped cells. In one eleven-day pre- 
paration, however, there was only a small mass of ceUs underlying the 
regenerated epidermis, and this mass was composed mainly of cells with 
large nuclei having all the characters of epidermal nuclei* These cells 
were actively dividing. Figure 57 (Plate 8) shows a. group ef these 
nuclei. 

According to Hescheler the spindle cells give rise to the new muscle 
layers.. In my preparations of later stages, too, these spindle cells are 
seen to be taking the (Erection of the fibres of the two muscle layers in 
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such a way as to leave no doubt as to their fate. After the first week or 
two the spindle cells form a smaller proportion of the cicatricial mass at 
the regenerated end, this fact generally being due to the accumulation 
of these cells into the new muscle layers. The remaining scattered 
elements are either lymph cells or cells with large nuclei of the epider- 
mal type. The latter cells tend to collect in the region into which the 
regenerating cord is extending. 

The forward growth of the fibre bundle precedes the accumulation of 
cells about it ventrally and laterally ii^ the position of the ganglionic 
masses. 

Of the three kinds of nuclei to be met with among the incompletely 
dififerentiated cells of the regenerating region, there is no evidence that 
either the lymph nuclei or the nuclei of the spindle cells give rise to 
new nervous elements. The nuclei of these two types are totally unlike 
the nuclei which are first found associated with the new nervous parts, 
and there is no evidence of a transformation of one kind into the other. 
Granting this, the origin of the new nervous elements must be referred 
to the larger nuclei, those of the epidermal type. That these large 
nuclei are derived from the epidermis, there is good evidence in the 
preparations. 

The formation of a new epidermis over the cicatrix offers some inter- 
esting problems, which, however, require a study of earlier stages of 
regeneration than any I have worked with. After seven days there is 
always found over the cut end of the worm a continuous thin layer of 
more or less flattened epidermal cells, and a thin layer of cuticula also 
is already formed. In rare cases I have found mitosis in the epidermis 
at this early stage. At later stages there is abundant mitosis in the 
new epidermis, and in one case numerous dividing cells were found 
among the basal or subepidermal cells back through several uninjured 
s^ments. Some signs of amitosis were found in the regenerated epi- 
dermis, but not conclusive evidence. Nuclei were found with two 
nucleoli, and several columnar epidermal cells were found containing 
two nuclei pressed so closely together that their contiguous surfaces 
were quite flat, suggesting that there had been a direct division and 
that the two nuclei had not yet moved apart. In one case four nuclei 
in a common cytoplasmic mass were found so closely pressed together 
that the group presented the appearance of the four-cell cleavage stage 
of an egg. No nuclei in process of constriction were observed. 

The new epidermis having once been established, there is little room 
for doubt that its later increase is effected by the mitotic division of its 
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own cells. It is after the first week that we find evidence that not all the 
cells produced by the epidermis are destined to remain epidermal cells. 

The normal epidermis consists of a single layer of columnar cells with 
some basal cells of irregular form wedged in among their deep ends. 
The nuclei of these basal cells are unlike those of the columnar cella 
They are smaller, often lack a prominent nucleolus, and generally pre- 
sent a darker appearance, due to a greater proportion of chromatic 
material. In the regenerated epidermis places are often found where cer- 
tain ceUs, with nuclei of the kind characteristic of the columnar cells, tend 
to form a second layer. Single cells are found so placed as to suggest 
that they are being pushed down below the surface layer. Others, 
apparently, have been quite displaced from their superficial position 
and lie free underneath the epidermis. There may frequently be found 
small masses of cells with nuclei precisely like those of the epidermis, 
lying close to the deep surface of the epidermis, and so far removed from 
any other tissue containing similar nuclei that their epidermal origin is 
beyond doubt. 

The surface of the regenerated end is often very uneven in the early 
stages. The new epidermis is thrown into folds or marked by eleva- 
tions and pits. At an inner angle of a sharply invaginated region of 
epidermis may sometimes be seen evidences of an inward proliferation 
of the epidermal cells. There is also some evidence, as Hescheler finds, 
that not only single cells, but also considerable masses of cells, may be 
pushed in and separated from the surface layer. Small local invagina- 
tions are sometimes found which are nearly closed over, and in one or 
two places I have seen small cavities completely enclosed by epidermal 
cells, as if small invaginations had become closed over and had sunk 
beneath the surface. 

In one animal of twenty-four days' regeneration the new nerve cord 
was already well established. The region of the epidermis nearest the 
anterior end of the regenerating cord consisted of loosely aggregated 
cells. Between this region and the end of the cord were numerous 
scattered cells with nuclei like those of the epidermis and also like those 
of the cells already definitely associated with the new cord. The scant 
cytoplasm of these scattered cells was more or less drawn out to spindle 
shape, and roost of the cells were placed with their long axes extending 
in the direction of the nerve cord. Similar conditions were found in 
other animals. The appearance indicates a separation of cells from the 
epidermis and the migration of these cells in toward the r^neratiug 
cord. 
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All the iaots takea together justify the belief, as Hescheler concludes, 
that the epidermis is an important source of cells that take part in 
regeneration, and especially of cells that go to the regenerating cord. 

There are other possible sources of the nuclei which resemble those 
found in the regenerating cord. The alimentary epithelium contains 
such nuclei f and it is not impossible that it may furnish cells for the 
regeneration of other organs, but there is no good evidence for believing 
that it does so to an important extent in the case of the nervous system. 
There are scattered nuclei among the muscle fibres, and elsewhere, 
which resemble the epidermal nuclei, and these may also take part in 
regeneration. 

Three facts justify the conclusion that the cells of the new brain and 
ganglia are mainly of epidermal origin. (1) In the early stages of re- 
generation the nerve cord is in more intimate relation with the epider- 
mis than with any other tissue. (2) The new nervous parts are laid 
down in a region ^hose cells (with the exception of the lymph cells and 
the spindle cells) are doubtless derived mainly from the epidermis. 
(3) There is an apparent inward shifting of cells from the epidermis to 
the new cord. 

One possibility remains to be considered. Hescheler finds, in regen- 
erating worms, abundant mitosis in the ganglia of the old cord back 
through some fifteen segments, and concludes that the old cord furnishes 
some material toward regeneration. This increase of cells in the old 
cord has not been commonly found in my preparations. In most of the 
series that have been carefully studied there was no evidence whatever 
of mitosis or increase of cells in the old oord. In one or two animals a 
condition was fonnd similar to that described by Hescheler. In one 
worm of ten days' regeneration were found several masses of cells pre- 
senting an appearance unlike anything to be found in a normal gan- 
glion and containing so many mitotic cells as to indicate a rapid increase. 
The preparation included nine segments back of the injured segment. 
The most posterior mass of proliferating cells was in the eighth seg- 
ment. Several similar masses occurred in ganglia of more anterior 
segments and occasionally isolated dividing cells were found. 

In the worm from which Figure 14 (Plate 3) is taken, the mass of 
cells which has already been mentioned (page 116) as lying at the ante- 
nor end of the old cord is doubtless of the same nature as those found 
farther back in the other animal. This preparation included only five 
segments and no similar masses were found in other segments. In 
appearance the cells of this mass (Plate 4, Figure 18) are precisely like 
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those of the more posterior groups of the other worm, and uulike any 
found in the near-bj cicatrix. These facts, and the position of the mass 
well within the limit of the old cord, make it scarcely to be doubted 
that the mass owes its origin to the increase of cells of the old cord, 
rather than to any cells which may have wandered in from the cicatrix. 

It is the occurrence of masses of actively dividing cells, rather than 
the character of the individual cells or nuclei, that distinguishes this from 
the condition found in the cord of a normal worm. The nuclei of these 
cells differ in no marked way from nuclei which may be found in the gan- 
glia of uninjured worms. They are smaller than the nuclei of the lai^ 
nerve cells, but they show the same structure as to chromatic material 
and the presence of a single large nucleolus. Figure 57 (Plate 8) shows 
some cicatricial cells of the epidermal type, but the same drawing would 
represent equally faithfully a group of cells from one of these masses in 
the old cord. The nuclei differ from any found in the normal cord 
mainly in being more or less elongated. In Figure 18 it can be seen 
that the nuclei in the thin posterior end of the mass are more elongated 
than those in the thicker anterior part of it. This condition suggests a 
mechanical deformation of the nuclei as a result of the rapidly growing 
mass pushing its way back into the tissue of the cord. There was scant 
cytoplasm about these nuclei and no definite cell outlineSi as is also the 
case in the nuclei of Figure 57. 

The absence of this cell increase in the old cord of many animals 
shows that it is not a necessary feature of the regenerative process. 
The presence of one of these masses of cells exactly at the region of 
injury, as in Figure 18, makes it probable that it provides material for 
regeneration. It can hardly be supposed that an increase of cells in 
ganglia situated five or ten segments back of the region of injury has 
anything to do with the actual regeneration of new ganglia anterior to 
the old cord. 

5. Histology of the Nervous Fundaments. 

Having considered the origin of the cells which constitute the funda- 
ments of the brain and new ganglia, I now propose to consider certain 
questions pertaining to the development of the nerve cells from the cells 
of these fundaments. The main purpose at this point is to determine if 
any polar structures of a mitotic cell pass into the resting cell, persisting 
through all the stages of growth and differentiation to become, or give 
rise to, the centred system of the mature nerve cell. It is therefore 
necessary to examine the mitosis, and especially the later stages of it, 
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in the cells of the fundaments, and to find, if possible, a series of cells 
which shall represent successive stages in the development of nerve cells. 

Preparations from the later stages of regeneration were found most 
favorable for this purpose. In worms of from thirty to forty days* 
regeneration the new brain and ganglia were represented by large 
masses of cells, among which dividing cells were very abundant. In 
the same animals the differentiation of nerve cells was in progress, and 
frequently a single section contained not only dividing cells with scant 
cytoplasm, but also large, apparently fully developed nerve cells, and 
perhaps many intervening stages. 

In the earlier stages of regeneration, cells in a solid mass, showing jio 
signs of segmentation, are found lying laterally and ventrally about the 
fihre bundle which has previously marked out the position of the nerve 
cord. In the brain fundament a similar mass of cells lies about the 
neuropile, chiefly on its dorsal and posterior border, as seen in Figure 16 
(Plate 3). This position of the cells is characteristic. These cells have 
a very small amount of cytoplasm, so that the fundaments look like 
masses of solidly packed nucleL There are no distinct cell outlines, 
but where the nuclei are less solidly aggregated an irregular mass of 
cytoplasm may be found collected about each one. At sufficiently early 
stages the nuclei are all alike, ellipsoidal or spherical in form, and gen- 
erally have a single large spherical nucleolus. Nuclei without a nucleo- 
lus are often found. They may belong to cells which have recently 
divided. The absence of the nucleolus is often associated with a con- 
dition of the chromatin which indicates a recent or approaching 
division of the nucleus. 

At later stages of regeneration many of the nuclei lying deeper in the 
mass become larger and more nearly spherical and accumulate a con- 
siderable body of cytoplasm about them. Cells which assume this charac^ 
Ut heme ceased dividing and are in process of deveUypmerU into nerve cells. 
The nuclei on the outer borders of the fundaments retaiu their em- 
bryonic character and continue actively dividing. 

The more advanced the stage of regeneration, the more nearly have 
the deeper cells attained the character of typical nerve cells. 

Figure 20 (Plate 4) represents a parasagittal section through the brain 
of a worm after thirty-four days' regeneration. The regenerated brain is 
smaller than the normal brain. (Compare Figure 20 with Figure 19, a 
similar section from the corresponding region of the brain of a normal 
animal.) The cells occupy the posterior and dorsal border of the neu- 
ropile. This relation of cells and fibre mass is found at the earliest 
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stages in the fundameut (Figure 16) and persists through all the later 
development. It is characteristic also of the normal brain. (Compare 
Figure 19.) In the deeper part of the cell mass (Figure 20) may be 
seen a number of pear-shaped cells with their processes directed toward 
the centre of the neuropile. These cells are, to all appearance, fully 
differentiated nerve cells, like those occupying similar positions in the 
normal brain. Between these cells and the periphery are smaller cells, 
some of them pear-shaped and with processes, others in which no pro- 
cesses could be found. About the extreme posterior border is a mass of 
nuclei with indefinitely assignable cytoplasm and exhibiting abundant 
mitoses, — exactly the condition which the entire cell mass of the fun- 
dament presents at earlier stages. 

It is evident, then, that the deeper cells are the first to become differ- 
entiated into nerve cells, while the cells on the periphery of the mass 
long retain their embryonic character and continue dividing to give rise 
to new elements. 

In the normal brain (Figure 19) the large typical nerve cells occupy a 
deep position. About the posterior border of the brain are smaller cells, 
some pear-shaped and with processes, others apparently lacking pro- 
cesses. There are also nuclei like those of the smaller pear-shaped ceUs, 
but having very scant cytoplasm, or there may be several of them lying 
near together in what is, to all appearance, a common cytoplasmic mass. 
Such nuclei, or groups of nuclei, differ in no visible way from the ac- 
tively dividing nuclei which constitute the early fundaments. They 
resemble likewise the peripheral layer of nuclei present at so late a 
stage of regeneration as is seen in Figure 20. If it could be assumed 
that the embryonic development of the normal brain is similar to the 
regenerative development, there would be little reason for doubting that 
the small cells and ** indifferent " nuclei of the posterior border of the 
normal brain represent the mass of embryonic cells which have given 
rise to the differentiated nerve cells. There is little or no reason for 
regarding them as neuroglia cells. The nuclei which, beyond question, 
belong to the neuroglia are of an entirely different character. 

Conditions in the regenerating cord are similar to those in the brain. 
The deeper cells are first differentiated into nerve cells, while the ceLls 
along the ventral border and at the anterior tip of the ganglionic mass 
continue dividing long after the deeper cells have attained the size and 
form of typical nerve cells. 
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6. Mitosis in thb Nbbvous Fundaiunts. 

Figures 21 to 30 are taken from the actively dividing cell masses 
in the regenerating brain and cord of animals after about five weeks' 
regeneration. As already mentioned, these cells have very little cyto- 
plasm and there are no definite cell outlines. Often the nuclei are 
packed so closely together as to appear imbedded in a common cyto- 
plasmic mass. In the resting cells of this character I have been unable 
to discover any structore which could, beyond doubt, be taken for a 
centrosome. If present, it must be an extremely minute body, and all 
the conditions are most unfavorable for its discovery. It is not until 
the cell has passed into the earlier stages of mitosis that an unquestion- 
able centrosome is to be observed. 

Cells in the early prophase are numerous and generally present the 
appearance of the cell at the right in Figure 21 « Such cells are con- 
spicuous objects because of their sharply defined spherical outlines and 
the clear area surrounding the chromatic elements. The sharp outline 
is due to the presence of a distinct membrane, and, for reasons to be 
given later, this membrane must be considered to be a cell membrane 
and not an expanded nuclear membrane. At some time during the for- 
mation of the chromosomes the nuclear membrane disappears. 

The appearance <^ the cells at this stage indicates a condition of tur- 
gesoence. The entire cell contents, cytoplasmic as well as nuclear, with 
the exception of the chromatin, are in a highly fluid condition, judging by 
the absence of stained substance (except the chromatin) in the prepara- 
tions. That there is a swelling of the cell during the beginuing of 
mitosis is proved by such conditions as are seen in Figure 21. Here 
are two dividing cells close together. The one at the right is in the pro- 
phase, while the one at the left is in the metaphase. (The axis of the 
spindle in the latter cell is oblique to the plane of the section, and one 
pole has been cut away. The remainder of the cell was easily identified 
in the next section.) The two mitotic cells have increased in volume ; 
and the large nucleus of another cell, caught between them, has been * 
pressed out of shape by the combined pressures from the two swelling 
oells. 

The smallness of these cells and the large number of chromatic ele- 
ments make it difficult to determine the exact manner of formation of 
the chromosomes. One or two nuclei have been found which gave some 
evidence of a spireme condition of the chromatin, but, aside from these, 
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the earliest condition of the chromosomes was that seen in Figure 21, 
where the chromatin is in the form of large, nearly spherical granules. 
The number of chromosomes could not be accurately determined. 

The presence of a centrosome was not observed until the spindle had 
been well formed. The two granules lying at the edge of the chro- 
matic mass in Figure 21 (cell at the right) may be the centrosomes 
which have not yet taken their position at opposite poles. Cells were 
found where the two poles of the spindle had been established, and 
the chromosomes were not yet aggregated into an equatorial plate. 
Sometimes an extremely minute centrosome could be distinguished at 
the poles of the spindle at this stage. When the cell is in the meta* 
phase the centrosomes are generally conspicuous objects, although there 
is much variation as to their size. The half spindle in Figure 21 (cell 
at the left) shows a centrosome. In Figure 22 the centrosomes are 
unusually large for cells at that stage. The average size of the centro- 
somes is perhaps fairly indicated by Figiure 24. 

In the metaphase the cell membrane is still present. The loss of a 
perfectly spherical form may mean a decreased internal pressure. Pa^ 
ticular attention is directed to the fact that there is very little stained 
material outside the limits of the spindle. Figure 23 represents a veiy 
typical metaphase. Except for a slight cloudiness near the poles, the 
cell body is quite clear. The spindle is very sharply outlined, and at its 
poles are minute deeply stained centrosomes. No polar radiations are 
visible. In Figure 22, except for a few indefinite irregular masses of 
unstained material, the body of the cell is clear. In this case, however, 
a few very indefinite polar rays could be seen. In Figure 24 there is an 
unusually large amount of material, apparently finely granular, in the 
region of the two poles, and into this material extend some well defined 
polar radiations. The half spindle of Figure 21 shows an extreme case 
of the presence of solid substance outside the spindle. 

In the metaphase, then, the body of the cell is generally clear. If 
solid material be present outside the limits of the spindle, it tends to 
be accumulated about the poles and may be associated with polar 
radiations. 

The division of the chromosomes must take place at a very early 
stage of the equatorial plate, for in most of the cells in the metaphase 
the chromosomes are in a double layer. 

The region occupied by the spindle always presents a compact and 
homogeneous appearance, although not deeply stained. A limited 
number of conspicuous fibres may be seen lying upon the surface of the 
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spindle. These are quite likely " mantle fibres '^ attached to the chro- 
mosomes. They exhibited a finely granular structure. 

The anaphase must be a period of very short duration, for figures in 
which the chromosomes were just separating, or had traversed less than 
half the distance toward the poles, were rarely found. The few that 
were found exhibited no unusual features. 

Figure 25 represents a cell in which the chromosomes have nearly 
completed their migration toward the poles. At the right pole the 
chromosomes are aggregated into a nearly solid mass. At the left pole 
they are still somewhat scattered. The sharp cell outline is still pre- 
served, indicating the presence of the cell membrane. There is a very 
slight equatorial constriction of the celL The body of the cell, out- 
side the spindle figure, is perfectly clear except for a slight trace of in- 
definite material on one side of the spindle. The interzonal filaments 
occupy a barrel-shaped region. This shape of the figure is characteristic 
for this phase, and cells in this condition were very abundant. The bar- 
rel-shaped figure lies sharply outlined in the surrounding clear space. 
The interzonal filaments are of granular appearance, and some irregular 
dark masses occur upon them. 

The presence of a oentrosome at the left pole of the figure is doubt- 
ful. The black granule which appears to occupy the position of the 
centrosome is much lai^er than the oentrosome usually is at this stage. 
It is possibly an aberrant chromosome. The axis of the figure is oblique 
to the plane of the section, the left end being higher. This position 
favors the obscuring of a centrosome. Although the chromosomes at 
the right pole are in a nearly compact mass, something of the form of 
individual chromosomes is still to be distinguished. The centrosome is 
unmistakable, lying at the apex of the old spindle. The chromatic mass 
is more smoothly outlined on the polar side, being concave toward the 
oentrosome. This condition is characteristic and is seen to better ad- 
vantage in the oeU represented in the next figure. 

Figure 26 is a somewhat later stage than Figure 25, as is shown by the 
complete consolidation of the chromosonies and the deeper equatorial 
constriction of the cell. The oell n^mbrane is still distinctly present, 
although at some regions it ai^)ears fainter and less clearly defined. 
The cell body, outside the region of the spindle, is still nearly clear. 
The figure itself is barrel-shaped, as before, but the interzonal filaments 
are more sharply bent at the equator. Each group of daughter chro- 
mosomes appears to have fused to a solid mass. In the mass at the 
right pole the position of a lagging chronK)some is indicated by a chro- 
matic process extending toward the equator. 
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The important feature at this stage, in its relation to later stages, is 
the condition on the polar side of the ohromatio mass. Each chromatic 
mass is concave on the side toward the centrosome and convex on the 
opposite side. The polar and equatorial surfaces of the chromatin lie 
in the surfaces of two spheres whose common centre is marked hy the 
centrosome. These conditions point to the centrosome as the centre of 
the forces by which the chromosomes have been moved toward and 
grouped around the poles. 

Between the centrosome and the polar surface of the chromatin is a 
region otherwise bounded by a conical surface extending from the 
cantrosome, as apex, to the nearer outer edge of the chromatic man. 
This is the region originally occupied by the end of the spindle, bat at 
this stage it is impossible to detect any fibres extending from the cen- 
trosome toward the chromatin. This polar region is stained sufficiently 
to be sharply outlined against the outer clear space of the cell, and yet 
it is so much lighter than the chromatin as to be clearly distinguished 
from the chromatic mass. It appears perfectly homogeneous, exhibiting 
neither fibres nor granules. 

This condition of chromatin and polar structures persists for some 
time while certain equatorial changes occur. These changes include the 
formation of a membrane between the daughter cells (Plate 5, Figure 
27). The figure meanwhile loses its barrel shape^ assuming the form 
of two cones with apices together at the plane of the new membrane. 
The axis of the entire figure may become bent at the meeting of the 
two cones. The axis of the left daughter cell in Figure 27 is almost 
parallel to the plane of the section. The chromatic mass is of char* 
acteristic appearance, but the centrosome was not clearly to be made 
out. The axis of the right daughter cell extends obliquely upward, so 
that the centrosome is obscured, and the observer looks down into the 
concavity of the chromatic mass. The interzonal filaments are not 
sharply coQstricted at the equator. The fact that varying degrees of 
equatorial constriction of these filaments may be found, supports the 
view that the fibres are carried inward toward the axis of the figure by 
an ingrowing membrane. However, in most cells at this stage may be 
found traces of fibres still occupying the region formerly filled by the 
barrel-shaped figure. Such fibres are to be seen in Figures 27-29. 

Two facts of importance are to be noted at the stage c^ Figure 27. 
The original cell membrane is in process of degeneration, the clear space 
about the mitotic figure being no longer sharply outlined. It is of 
irregular form, as if being encroached upon by the cytoplasm of near-by 
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cells. The second fact is the presence of considerable loosely aggregated, 
rather granular material outside the limits of the constricted figure. 
As the volume of the constricted figure is much less than that of the 
barrel-shaped figure which precedes it, and as the material in question 
is mainly in the region formerly oocnpied by the barrel*shaped figure, it 
is reasonable to conclude that this material is some of that originally 
contained within the limits of the larger figure. 

In Figure 28 one chromatic mass has been cut away* The centrosome 
of the other pole is not visible, probably because of the obliquity of the 
axis. Something of the lightly stained polar region can be seen. The 
old cell membrane has degenerated to a less extent than in Figure 27. 
A distinct equatorial membrane is present, and the interzonal filaments 
are sharply constricted. Outside the constricted figure is some loose 
material, as in Figiure 27, and a few fibres from the chromatic mass 
mark the outlines of the former barrel-shaped figure. 

Figure 29 is a reconstruction. The lefb chromatic mass was cut away 
from the rest of the figure, being found in an adjacent section. The 
old cell membrane is indistinct* The equatorial membrane is clearly 
present. The interzonal filaments are sharply constricted, and there is 
a suggestion of a *' Zwischenk6rper*" There are some traces of fibres 
ootside the constricted figure, but, except for these, the space ouUide the 
figure i$ almoet dear. The chromatin appears enclosed in a membrane, 
and the daughter chromatic masses show considerable increase in size. 
The chromatin is in the form of large granules. At the polar side of 
the left chromatic mass (nucleus 1), the lightly stained region and the 
centrosome are to be seen. These could not be seen in the other daugh- 
ter cell, perhaps because of the position of the axis* The condition of 
the chromatin in this case is much more advanced than ordinarily 
when the interzonal fibres are still present. 

In Figure 30 the chromatic masses are in much the same condition as 
m Figure 27. Owing to the obliquity of the axis of the right daughter 
cell, the centrosome is not to be seen. The old cell membrane is fairly 
distinct in some regions, but quite lacking in others. The interzonal 
filaments are sharply constricted. There is, again, a suggestion of a 
Zwischenkdrper^ although the concentration of the fibres may accouut 
for the darkness at their equatorial region. The important points to 
be noticed are, first, that the daughter-cell bodies outside the limits of 
the constricted figure are practically clear, and, secondly, that there is 
no trace of an equatorial membrane. The constriction of the old cell 
outlines and the constriction of the interzonal filaments would indicate 
that the equatorial membrane had been formed and has disappeared. 
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7. Dbvelophent of the Nerve Cells. 

The significance of these facts concerning the cell membranes will best 
be understood after a description of Figures 31-36 (Plate 5), which repre- 
sent further stages in the progress of recently divided cells toward a rest- 
ing condition. That such objects as are seen in these figures are what 1 
have taken them to be admits, I believe, of no doubt. They occur with 
about the same frequency as the later stages of mitosis. Moreover, 
there are no other objects present which could possibly be taken for 
recently divided cells. They are found in pairs oftener than would 
occur by chance. That they seem not always to occur in pairs may be 
explained, in part, at least, by two facts. It is frequently observed 
that two sister nuclei may progress toward the resting condition with 
very unequal degrees of rapidity. There is much evidence that this is 
so in the case of these cells. Figures 32 a and 32 h represent two objects 
which lay so close together as to leave no doubt as to their being sister 
cells, but there is a marked difference in the size and compactness of tbe 
chromatic masses. It must be that one of two sister cells may so far 
outstrip the other in regaining the resting condition as to leave tbe 
slower cell apparently without a mate. Secondly, when two sister cells 
lie in different sections, having found one, it is difficult to identify the 
other, especially if they are not alike in appearance. 

It often happens that two very similar young nuclei are found, not 
so very far apart, but yet farther apart than they could have been at 
the end of mitosis. In some regions of the fundaments of the nervous 
parts the cells are very loosely aggregated, the spaces doubtless being 
filled with fluid in the living animal. It seems probable that there 
may be a mechanical shifting of the less securely supported cells, 
merely as a result of the muscular activities of the animaL In this 
way young sister cells may become separated from each ether. 

Figure 31 represents a young cell from the ventral posterior border of 
the regenerating brain, together with three nuclei of adjacent resting 
cells. A similar object was found in the next section, but »t a distance 
considerably greater than could have intervened between the two at the 
end of a mitosis. If the darkly stained object in Figure 31 be compared 
with the chromatic masses and their accompanying polar structures in 
Figures 26-30, it will readily be seen that the disappearance 'in the 
latter of that part of the spindle which lies between the two chromatic 
masses, and the assuming of a more ueorly spherical form by the chro- 
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matic masses woold result in two objects like the one seen in Figure 31. 
Figures 32 a and 32 b represent two young sister cells with several of 
the surrounding nudeL They lay in two adjacent sections, and by means 
of camera drawings their centres were found to be exactly superposable. 

The mterpretation of Figure 31 is obvious. The heavily stained 
compact mass, concave upon one side, otherwise spherical, is one of two 
daughter chromatic masses resulting from the fusion of a group of 
daughter chromosomes. On the concave side of the chromatin is an 
area distinguished by a stain distinctly lighter than that of the chro- 
matin, but yet sufficiently heavy to outline it sharply against the outer 
clear space. On the mid-border of this lightly stained region is a dark 
granule. This granule is the centrosome, and the lightly stained region 
corresponds to the polar region of the old spindle. The chromatic mass 
and its accompanying polar structures lie in an irregular, indefinitely 
outlined, clear space. This clear space is the region formerly limited by 
the old cell membrane, which has completely disappeared. In the later 
stages of mitosis represented in Figures 27-30 various stages in the 
d^neration of the cell membrane of the mother-cell are to be seen. 
The dark masses (Figure 31) lying in the clear space, on the apolar 
side of the chromatic mass, may be remnants of the old spindle. 

In Figure 32 a is a similar condition of the chromatic mass with the 
lightly stained polar region on its'conoive side. No distinct centro- 
some was visible in this case. The surrounding clear space marks the 
region formerly bounded by the daughter-cell membrane. In Figure 
32 & a more advanced condition of the chromatin is seen. The volume 
of the chromatic mass has increased, and this increase is attended by the 
separation of the chromatin into a number of large granules, between 
which the mass has a lighter appearance. The concavity on the polar 
side of the chromatin is still marked. The lightly stained polar region 
is sharply outlined. It has increased iu volume and lost its conical 
form. The centrosome no longer lies at its border, but well in toward 
the concavity of the chromatic mass. There are some faint lines ex- 
tending from the centrosome to the periphery of the lightly stained 
region. Chromatic mass and polar structure lie in a clear space. 

Figure 33 shows two pairs of sister cells, a and )8 are to be regarded 
as the chromatic masoos of one pair. The chromatic masses of the other 
pair lie one over the other, y is the upper of the two masses, and the 
outline of the lower is indicated by & In a and fi the condition of the 
chromatin is much as in Figure 32 & a shows the concavity of the 
chromatic mass, the lightly stained polar region, and the centrosome at 
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its apex. ^ is in au unfavorable position for the observation of the 
polar structures, a and ^ lie in a common clear space, wliich shows a 
constriction in the region between the two chromatic masses. This 
common clear space is that formerly bounded by the mother-cell 
membrane. The equatorial membrane, separating the two daughter 
cells, has disappeared, y and 8 are unfavorably situated for study. 

Figures 34 and 35 represent two young cells whose sister cells could 
not be identified. The chromatic masses are in the same condition, both 
showing the polar concavity and the loosening of the chromatin into 
large indistinctly separable granules. In both cases the lightly stained 
polar region and its centrosome are present, and in both cases a thin 
layer of lightly stained material extends from the polar region along one 
side of the chromatic mass to its opposite end. In Figure 35 a slightly 
clearer area bounded by a darker ring surrounds the centrosome. In 
both figures a clear space surrounds the ellipsoidal body, which is com- 
posed of the chromatic mass plus its polar structures. 

Figure 36 shows a group of cells from the posterior ventral border of 
a regenerating brain. At the centre of the group is a young cell. The 
chromatic mass is composed of indistinctly separated granules. On 
one side of it is the lightly stained polar region within which lies a 
dark granule, doubtless the centrosome. On the border of the lightlj 
stained region are two dark places,* but focussing shows that they are 
not distinct granules. There is no marked polar concavity of the chro- 
matic mass. The surrounding clear space belonging to the daughter cell 
is well defined. 

Above the dividing cell in Figure 29 is a young cell which shows the 
swelling chromatic mass, the polar region, centrosome, and the clear 
space about the entire stained object. 

Figures 37 and (Plate 6) 38 show later stages in the condition of the 
chromatic masses ; it is not until such stages as these are reached that 
answers can be confidently given to the questions, which already must 
have suggested themselves. How much is nucleus and where b the 
cytoplasm in Figures 31-36 1 Unless one is prejudiced by holding the 
belief that the centrosome must lie outside the nucleus, there are two 
possible interpretations of the object shown in Figure 32 h. It may he 
that the nucleus is identical with the chromatic mass, or it may be that 
the new nuclear membrane is represented by the elliptical outline which 
encloses the chromatic mass together with the lighter region at its pole. 
Upon careless observation with a dry objective, one would hardly hesi- 
tate in saying that the elliptical outline is that of the nuclear membrane. 
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AccordiDg to this interpretation, the centrosome would lie within the 
unclear membrane. 

When the condition of Figures 37 and 38 is reached, it becomes evi- 
dent that the lightly stcUned polar region is not included within the nuclear 
menhnxne* 

Figure 38 shows a group of cells from the anterior end of a regen- 
erating cord. At the ceutre of the group is a large nucleus slightly 
irregular in form. It contains a single nucleolus and is denser in chro- 
matin than most resting nuclei. On one side of the nucleus is a lightly 
stained r^on, appearing crescent-shaped in the section, and sharply 
outlined against the clear space which surrounds it and the nucleus. 
At the mid-periphery of the light region is a dark granule. A com- 
parison of Figure 38 with Figures 31-36 leads to the conclusion that 
the ehromatie masses of Figures 31-36 are the daughter nuclei, and the 
lighilg stained polar regions including the centrosome are not contained 
within the nuclear membrane, hut represent cytoplasmic structures. 

Figure 37 shows a cell from a regenerating brain. The nucleus, con- 
taining a large proportion of chromatin, still exhibits the polar concavity 
seen in the earlier " chromatic masses." No nucleolus is yet visible. In 
this case the lightly stained region on the concave side of the nucleus is of 
much greater volume in proportion to the nucleus than in Figure 38. 
Near the mid-border of it is a small deeply stained granule surrounded 
by a slightly clearer space. Some weak radiations proceed from the 
granule. In Figure 37, then, we have a nucleus, upon the concave or 
polar side of which is a considerable mass of cytoplasm containing a 
centrosome and radiations. But what of the clear space surrounding 
the nucleus and its polar mass of stained cytoplasm ) In all the stages 
represented in Figures 31-38, this clear space is present. It can be 
interpreted only as the space originally bounded by the mother-cell 
membrane, which has now degenerated. In such a case as Figure 37, 
is the clear space to be regarded as a part of the cell territory belonging 
to the nucleus which lies within it, or is the entire daughter cell at this 
stage to be considered as included within the outline which encloses the 
nucleus and the dense cytoplasmic mass lying on its concave side ? I 
hold the latter to be the correct interpretation. In all of Figures 
31-38, the lightly stained polar region containing the centrosome consti- 
tutes the fundament of the cytoplasm. This cytoplasmic fundament 
increases in volume along with the nucleus, occupying more and more 
of the space originally bounded by the old cell membrane. 

At all stages it must be said that all the living parts, at least, of 
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the daughter ceU are included within the limits of the nucleus and its 
polar cytoplasmic fundament. It may be that the surrounding clear 
space contains fluid material derived from the degenerated parts of the 
mother cell, and that the growing cytoplasm of the daughter cell 
utilizes some of this material. In that sense only can the clear space 
be regarded as actually a part of the young celL 

Figure 39 shows two cells from a regenerating suboasophageal gan- 
glion. The nucleus at the left is in a typical resting condition, haying 
a chromatic network and large nucleolus. Its cytoplasm is massed at 
one end of it and contains the oentrosome surrounded by a dark ring. 
The nucleus at the right shows no nucleolus. The cytoplasm is massed 
at one end of the nucleus and contains a clear space at the centre of 
which is a dark granule with some weak radiations. The young cells 
of Figures 34 and 35 may readily be imagined to become such cells as 
are seen in Figure 39. 

Figures 40 and 41 represent cells from the brain after five weeks' 
regeneration. The nuclei have the form and structure typical for those 
of nerve cells. The cytoplasm in both cases is collected upon one side 
of the nucleus and contains an unmistakable oentrosome and radiations, 
constituting a centred system like that which has been described in 
nerve cells of the normal worm. No nerve processes from these cells 
could be seen. Cells like these may be derived from cells like those in 
Figures 37 and 39 simply by the increase in volume of nucleus and 
cytoplasm. By this growth the space originally bounded by the M 
cell membrane becomes entirely filled, and there is no longer a clear 
space about the growing cell. 

In Figure 36 the large nucleus at the extreme left possesses a consid- 
erable cytoplasmic mass, which contains evidence of a centred system, 
although no distinct oentrosome could be seen. Tlie nucleus is peculiar 
in lacking a nucleolus. The cell at the extreme right has a pear-shaped 
form, and there is some evidence of a process at the smaller end. On 
the side of the nucleus toward the larger end of the cell is a region of 
denser cytoplasm with a lighter centre, but no oentrosome or radiaticms 
can be seen. 

Figure 42 shows a group of three cells from a subossophageal gan- 
glion of thirty-four days' regeneration. The three nuclei lie at differ- 
ent levels, the smallest one being lowest. A oentrosome and radiations 
may be seen close to each of the two larger nuclei, and on the side 
toward the greatest cytoplasmic 
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8. Th8 Centrobomb in the Mature Bboenerated Kervb 

Cells. 

Evidences of the presence of the centred system are to be found in 
cells of all sizes from those represented in Figures 40-42 (Plate 6) to 
the full J differentiated nerve cells such as are shown in Figures 10-13 
(Plate 2), which are from a brain of thirty-four days' regeneration. 
The cells shown in Figures 10-12 lay side by side in a single section of 
the brain. Figure 10 represents a cell whose centred system places it 
among cells of the "first type," as described (pages 112-114) for cells 
of the normal animal. The whole structure in this case was unusually 
distinct. The centrosome (for so it can now be called) lies in the axis 
of the cell and so close to the nucleus that the small clear space about 
the centrosome is tangent to the nuclear membrane. Four distinct 
radiations extend nearly or quite to the periphery of the cell. They 
appear finely granular. The presence upon the radiations of conspicu- 
ous granules surrounded by small clear spaces can be seen. The two 
radiations nearest the axis of the cell appear connected by a cross 
fibre, which extends between two of the larger granules mentioned. 

In Figure 11 there is a distinct centred system with its centrosome 
in the axis of the cell and near the nucleus. About the centrosome 
is an imperfectly described circle of granules, four of which lie on the 
paths of radiations from the centre. In this respect, the system is one 
of the "second type" (page 114), but the region bounded by the circle 
of granules is rather lighter than the surrounding cytoplasm, instead of 
denser, as in Figure 3. A small neuroglia nucleus lies dose upon one 
side of the cell. 

Figure 12 shows a clear circle tangent to the nucleus and in the 
cell axis. At the centre of the clear circle are three indistinctly 
defined granules, from which several faint radiations extend into the 
cytoplasm. 

Figure 13 exhibits a remarkable complexity of the centred system. 
The cytoplasm in this case was practically unstained, yet its fibres 
stood out with much clearness. This cell shows to advantage the presence 
of secondary centres. The primary centre, or centrosome, is easily distin- 
guished as lying in the cell axis and in being the point from which pro- 
ceed several radiations which extend in straight lines almost to the 
periphery of the celL Upon these radiations are conspicuous granules 
from which extend secondary radiations. The secondary radiations some- 



Digitized by CjOOQ IC 



136 BULLETIN: MUSEUM OF COMPARATIVE ZOOLOGY. 

times appear to connect certain larger granules on two different primary 
radiations. This cell is one of the first type, lacking anything that 
could be called a " sphere." 



V, General Conclusions, 
1. Mitosis in the Nervous Fundaments. 

To summarize briefly the process of mitosis as seen in the cells of the 
ganglionic fundaments : 

The prophase is accompanied by a turgescence of the cell ; a dis- 
tinct cell membrane is formed; the nuclear membrane disappears; 
the chromatin takes the form of nearly spherical chromosomes; the 
region between the chromosomes and the cell membrane is nearly or 
quite clear; a spindle appears with its centrosomes very minute^ if 
visible at all. 

lu the metaphase a distinct cell membrane is still present; the 
spindle with its equatorial plate of chromosomes lies sharply outlined 
in the cell body, which is otherwise nearly or quite free from any solid 
materia] ; generally the centrosomes are clearly to be seen at the spindle 
poles and often they become fairly conspicuous objects. 

In the later phases the chromosomes separate and move toward the 
poles, each daughter group fusing into a compact mass, which is concave 
on its polar side ; the centrosome remains visible at the apex of the old 
spindle, the end of which forms a lightly staining r^on between the 
centrosome and the concave surface of the chromatic mass ; the inter- 
zonal fllaments occupy a barrel-shaped region ; an equatorial constriction 
of the cell membrane appears. The ingrowth or differentiation of an 
equatorial membrane between the two daughter cells follows, accom- 
panied by the constriction of the barrel-shaped figure to the form of 
two cones with apices together at the plane of the equatorial membrane. 
As a result of this decrease in the volume of the figure, some of the sub- 
stance of the ban*el-shaped figure, including a few of its filaments, is 
left outside the limits of the constricted figure. This substance disap- 
pears later. 

During the forming of the equatorial membrane, the old cell 
membrane (now become the daughter-cell membranes) undei^goes 
degeneration, and finally the new equatorial membrane also disappears. 
At this period, then, the constricted figure lies sharply outlined in aa 
irregular clear space which is not definitely outlined, not enclosed in a 
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membrane, and not divided by an equatorial membrane (Fig. 30). 
The interzonal filaments degenerate, leaving the two daughter chromatic 
masses and their accompanying polar structures lying in a common 
clear space (Fig. 33, a and (f). The chromatic mass is the nucleus ; the 
lightly stained conical polar region with the centrosome at its apex is 
the fundament of the cytoplasm. 

The chromatic moss, enclosed within its new nuclear membrane, 
breaks up into granules, which become the chromatic parts of the 
resting nuclear network. The polar concavity persists during the earlier 
growth of the nucleus. 

The polar cytoplasmic fundament increases in volume along with the 
nucleus, the centrosome persisting through all the growth of the cyto- 
plasm, and becoming the centre of the radiating system of the resting 
cell. 

That the spherical membrane seen in the prophase (Fig. 21) is a 
cell membrane and not an expanded nuclear membrane admits of no 
doTibt when its fate is considered. It is identical with the membrane 
which encloses the clear space surrounding the figure in the metaphase 
(Figs. 22-24), and it is this membrane which constricts during the 
later phases, in connection with the formation of the equatorial mem- 
brane. Moreover, the centrosome in the daughter cell lies outside the 
nucleus. During the prophase, therefore, we should not expect to fiad 
it within the nuclear membrane. 

The peculiar feature in the reconstitution of the daughter cells is the 
complete degeneration, during the telophase, of all parts of the mother 
cell outside the limits of the spindle figure, together with the newly 
formed equatorial membraae. Still later, the interzonal filaments 
having disappeared, there comes a period when all the living parts of 
each daughter cell consist of the compact chromatic mass (nucleus) 
and its polar region (cytoplasmic fundament), including the centrosome. 

2. Development of the Nerve Cells. 

In the progress of the nucleus toward the resting condition there is 
little, if any, increase in the volume of the chromatin. The growth of 
the nucleus is due to the increase in its fluid contents. As nearly as 
can be judged, the total volume of the scant chromatin in the large 
resting nucleus is about the same as the yolume of the compact chro- 
matic mass immediately after mitosis. 

The growth of the cytoplasmic fundament involves the assimilation 
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of outside material and its transformation into a dense protoplasm. Am 
already stated, the cytoplasm in the smaller cells is denser, more finely ' 
granular and homogeneous than in the larger cells. It seems highly 
probable that the fluid material resulting from the degeneration of parts 
of the mother cell is utilized by the growing cytoplasm of the daughter 
cells, which finally come to occupy the territory originally filled by the 
mother cell. It is commonly the case that the cytoplasm becomes more 
or less fluid during the earlier phases of mitosis, having a clear appearance 
in preparations; especially is this the case immediately about the 
nucleus or the spindle. But in the usual forms of mitosis, the cyto- 
plasmic structui'e reappears throughout the body of each daughter cell 
during the later phases, and the daughter nucleus, during its reaonstita- 
tiou, lies in a cytoplasmic mass which is obviously half that of the 
mother cell. The mother cytoplasm undergoes only a temporary 
alteration in structure. In the mitosis of the cells of the ganglionic fun- 
daments with which we are dealing, there is, on the contrary, nothing 
which suggests the reappearance of the old cytoplasmic structure through- 
out the bodies of the daughter cells, but a growth of new cytoplasm 
takes place progressively outward from the polar region of the nucleus. 
T/ie end of the old spindle It/ing bettoeen the centroiome and the daughter 
chromatie mass (nucleue), together with the centrosomey contains the sulh 
stance which effects the regeneration of the cgtoplasm. 

This regeneration of the cytoplasm of newly divided cells takes place 
only among the cells of the nervous fundaments. It is found in none 
of the other regenerating tissues. In all of the preparations from which 
my figures have been taken, mitosis of the ordinary type may be found 
in other regenerating tissues. In the dividing cells of the cicatrix there 
is at all phases a more or less dense mass of cytoplasm about the 
spindle figure. The mother cytoplasm in these cases is divided in the 
usual way, one half persisting, without degeneration, about each daugh- 
ter nucleus. In cells of the epidermis, of the alimentary epithelium, 
and in nuclei lying in the muscle layers, the mitosis is accompanied by 
no sign of degeneration and subsequent regeneration of the cytoplasm. 
In cells of the brain sheath itself, or in cells lying immediately outside 
it, the telophase shows some dense cytoplasm about each daughter 
nucleus, whereas, in the same preparations, telophases within the brain 
fundament exhibit the conditions which have been described, — the 
absence of structure outside the spindle figure itself. Moreover, in the 
nervous fundaments, at least in their later stages, all of the mitoses are 
of the type described. No dividing cells whatever were found pre- 
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aenting conditions other than these. At what period of regeneration 
mitosis of this type appears, I am unable to say. My preparations 
have not as yet yielded stages favorable for determining conditions in 
the very earliest fundaments. In some preparations otherwise favorable, 
mitosis in the fundaments is rare or absent, indicating that the animal 
was killed during an interval between periods of cell increase. All of 
the mitoses described are from preparations in which the fundaments 
are well established, containing, in their deeper parts, cells which have 
ceased dividing and assumed the appearance characteristic of nerve 
cells. 

It is not certain that all the products of division, in fundaments at 
this stage, immediately acquire a large cytoplasmic mass and become 
differentiated into nerve cells. It is evident that, at some earlier period 
of the fundament, this could not possibly be so, else the supply of un- 
differentiated cells would be exhausted before the needful number of 
nerve cells had been produced. It must be that up to a certain period 
one or both of two sister nuclei acquire only scant cytoplasm after a 
division, retaining their embryonic character for the purpose of further 
division. After a sufficient number of nuclei have been produced, it 
may be that both of two sister nuclei give rise to nerve cells, while 
some of the embryonic cells cease dividing without undergoing differ- 
eotiation into nerve cells, remaining as the small embryonic cells seen 
about the posterior border of the full-grown brain. Or it may be that 
one of two sister nuclei gives rise to a nerve cell, the other ceasing to 
divide and remaining as an undifferentiated celL 

Little can be said as to the origin of the neuroglia of the regenerated 
brain and cord. As the new nerve cells become differentiated, there 
also appear among them small nuclei similar in character to nuclei — 
doubtless of non-nervous nature — found in the normal brain and cord. 
It is not improbable that cells of the early fundaments give rise to the 
neuroglia as well as to the nervous nuclei, — a differentiation from the 
indifferent cicatricial cells in two directions. It is also possible, how- 
ever, that the neuroglia may be derived from cells having a common 
origin with those that give rise to the sheath. 

3. Persistbnce of the Cbntrosome. 

A definite centrosorae is first to be seen at the time of the formation 
of the spindle in the prophase. It is an extremely minute body at that 
time, but during the later phases it increases in size, appearing as a 
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siDgle, very dark^ spherical granule lying at the pole of the spindle. At 
the close of mitosis it increases considerably in size, and sometimes ap- 
pears less intensely stained. In Figures 31-35 (Plate 5) the centrosome 
is seen to be much larger than at any stage of the mitotic figure. In 
Figure 34 it is not a spherical granule, but is somewhat elongated. In 
cells showing a greater development of the cytoplasm (Figures 36-38) 
there is generally present a large dark granule near the centre of the cyto- 
plasmic mass. In as early conditions as those seen in Figures 32 b, 35, 
87, and 38, the dififerentiation of a clear space, or a darker circle, about 
the centrosome, or some evidence of radiations can sometimes be seen. 
The centrosome is largest immediately after mitosis. As the cytoplasm 
increases in volume the centrosome becomes somewhat smaller. In cells 
like those of Figure 39, where the nucleus is in typical resting condition, 
the small cytoplasmic mass contains the centrosome, frequently with 
evidences of concentric and radiating structures about it With further 
increase in the size of the cell and the volume of the cytoplasm (Figures 
40-42) there is to be seen a centred system — centrosome, clear space 
and radiations — comparable in all respects to the system seen in the 
mature nerve cell. 

In all stages of development between the last mitosis and the mature 
cell, the centrosome and its accompanying structures are so frequently 
met with that one is warranted in concluding that they are generally 
present. 

It is evident, then, that the centrosome of mitosis is present during 
the earliest stages in the reconstitution of the daughter cells, that it 
persists during the growth of the cell, becoming associated with certain 
concentric structures and radiations, and becomes finally the central 
body of the complex system of radiating and intersecting fibres found in 
the fully differentiated nerve cell. This is true for the regenerated cells. 
That it will be found true in the case of nerve cells developed by the 
normal embryonic process is hardly to be doubted. 

4. The Centrosome in Nervb Cells. 

In transverse sections of a ganglion the cells are most likely to 
lie with their axes nearly parallel to the plane of cutting. In such 
sections evidences of the centred system are often to be found in the 
majority of the pear-shaped nerve cells. Thus the three cells of Figures 
9-11 (Plate 2), from a regenerated brain, lay side by side in the same 
section. 
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A centred system is not to be made out, however, in every cell of a 
8ection. Even if the structure is one generally present, we should not 
expect to be able to see it in all cells, for only the most favorable condi- 
tions could bring it to view. If the axis of the cell is not approximately 
parallel to the plane of cutting, the cell is likely to be cut so that the 
centrosome is not in the same section with the nucleus, — a condition 
which increases the difficulty of identification. So delicate a structure 
may often be ol>scured by some of the darkly staining masses of the 
cytoplasm. Considering the difficulties of observation, then, the centred 
system can be made out in so large a proportion of cells as to justify 
the belief that it is a structure usually, if not always, present in the 
mature nerve cells. 

The largest cells of the brain and suboesophageal ganglion were least 
satisfactory for showing the presence of this structure. It was found 
with greatest frequency in celb of medium size, like those shown in 
Figures 1-4. 

The " centrosomes " and " spheres " described for nerve cells by va- 
rious authors present such widely dififerent conditions as to suggest 
that they are not all homologous structures. For example, the condi- 
tion in the centred system as I have found it in the earthworm is in 
DO way similar to the sharply outlined homogeneous sphere and its 
numerous central granules described by von Lenhossek for spinal gan- 
glion cells of the frog. The structure in such a cell as is represented in 
my Figure 3 may suggest his " sphere," yet it differs in being bounded 
by a layer of granules which occur on the radial fibres. Von Lenho8s6k 
found no granules bounding his sphere, nor any radiations. 

The structure described by Dehler resembles that of von Lenhossek, 
being equally unlike anything found in the earthworm. 

It is not impossible that the centrosome of mitosis, persisting in 
the resting cell, may give rise to structures differing as widely as 
the centrosome and sphere of von Lenhossek and Dehler differ from the 
centred system which I have described. A fuller knowledge of the 
structures described by them is needful. As long as they can be in- 
terpreted as sections of a "spiral figure' (Holmgren), or as wandering 
nucleoli (Rohde), a detailed comparison of these with the centred system 
is hardly warranted. 

The methods used by Schaffer were not specially adapted to the study 
of finer cytoplasmic structure. McClure examined Lumbricus and found 
no evidence of the centrosome. The centrosome and sphere described by 
him for the nerve cells of other invertebrates exhibited no radial struc- 



Digitized by CjOOQ IC 



142 bulletin: museum of compaeative zoology. 

tore comparable to the radiating system I have described. HuDter 
sometimes found in ascidians '^ well developed astral rays " proceeding 
from the central homogeneous sphere with its oentrosomea* Such a cell 
as that shown in my Figure 3 presents somewhat similar conditious. 

Miss Lewis found in Clymene producta a centred system, — central 
granules and fine radiations, — with the additional complication of a 
sphere having a diameter perhaps one-third that of the cell The con- 
densed central region of the cell in my Figure 4 resembles such a 
sphere. 

The structures most nearly resembling the centred system seen in 
the earthworm are those described by Biihler ('95) for brain cells of the 
lizard and ('98) for nerve cells of amphibians and mammals. lo the 
later paper Btlhler finds in some cells a centred system with its one 
or two central granules lying close to the nucleus and fine radia- 
tions extending toward the cell periphery, and in the same cell he also 
finds a concentric arrangement about the centre of the cytoplasmic 
mass, strongly suggesting the sphere of von Lenhoss^k. In other cells 
he finds a ^' spiral figure " similar to that described by Holmgren. These 
conditions suggest that the spheres of von Lenhoss^k and Dehler may 
be structures in no way connected with a centred system of fibrils, 
and that both structures may be present in the same cells. 

The theory of the structure of the centred system, as proposed by 
Btlhler, is strongly supported by my results. Btlhler believes that the 
centrosome is the insertion point of the stronger fibrils, which may ex- 
tend to the periphery of the cell. Other fibrils may not insert in the 
centrosome, but in the granules of the microsome stratum which consti- 
tutes the boundary of the sphere, or in large granules borne upon the 
primary radiations. The cell granules are, in general, the insertion 
points of fibrils, and the granules are larger, the stronger and more 
numerous the fibrils that insert in them. Accordingly, the centre of 
the entire system — the centrosome — is the most conspicuous granule. 
The system of primary, secondary, and tertiary fibrils which I have de- 
scribed presents exactly these conditions. The fibrils lose in prominence 
the farther removed they are from the centre. Therefore the primary 
radiations are oftenest seen. The granules that give rise to secondary 
radiations may be called secondary centrosomes. We may thus have 
centrosomes of lower and lower degrees of importance until the limit is 
reached, — the ordinary microsome. 

Reinke C94) finds secondary and tertiary centrosomes. He advances 
the proposition that a centrosome is potentially present in any micro- 
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some of the oell, and that it is not an organ sui generis, like the 
nucleus. Centrosomes and micioeomes, he believes, are raechanical cen- 
tres. A centrosome may arise at any point when needed, by the aggre- 
gation of microsomes. Similar views were expressed by Watas^ C^^)- 
Mead ('96) shows that in the maturation of the egg of Chsetopterus a 
large number of asters arise in the cytoplasm. They are finally reduced 
to two, which become the asters of the maturation spindle. 

The presence of the secondary and tertiary centres in the nerve cell 
is not inconsistent with the belief that the primary centrosome is the 
centrosome left from the last mitosis. The continuity of the centro- 
some of mitosis with that of the resting cells has been established in 
many cells other than nerve cells. That a centrosome may in some 
cases arise de novo must be granted in view of the results obtained by 
Mead in Chsetopterus. Where the centrosome is continuous it may be 
regarded as a permanently difibrentiated microsome of special functional 
importance. After a mitosis it persists in the resting cell and marks the 
starting-point of the centred system of the mature celL As the cyto- 
plasm of the growing cell increases, the primary centrosome becomes 
connected, by means of fibrils, with other granules of the new cyto- 
plasm. With continued growth of the cytoplasm, the radiating network 
develops from the centre outwards, being composed of "centrosomes" 
and radiating fibrils •f lower and lower degrees of importance according 
to their distance from the primary centre. This b substantially the 
centred system described by Heidenhain. 

That the function of such a system is a mechanical one appears most 
probable. The centrosome is generally believed to possess an important 
r61e in connection with the motor activities of ceUs, whether of the cell 
as a whole (leucocytes), or of appendages of the cell (cilia ; flagellum 
of the spermatozodn), or in the movements observed in mitosis. In the 
absence of known motor activities in mature nerve cells, the most 
likely function for the centred system is that of mechanical support. 

I have found no evidence whatever that the primary centrosome of 
the nerve cell ever resumes its mitotic functions. In all of the regen- 
erating worms examined, no typical nerve cells with processes were 
found showing any change that would suggest the possibility of their 
dividing. 

As already mentioned (pp. 78-80), masses of dividing cells are found, 
occasionally in the old ganglia of a regenerating worm, but no such cell 
proliferation is to be found in the cord of a normal worm. These cell 
masses probably arise from " indiflferent •* cells which, in the early 
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histoiy of the oord, ceased dividing and failed to develop into nerre 
cells, retaining their embryonic character. Small cellsi apparently 
without processes and having naclei similar to those of the nerve cells, 
are to be found in the normal brain and cord. The injury to the nervous 
system is a stimulus which may set some of these cells to dividing. 
The purpose of cell increase in ganglia many segments back of the 
region of injury is not apparent. The stimulus of the injury is not 
restricted to the injured segment, and, in response to it, cell prolifera- 
tion may occur where it is of no direct advantage in the regeneration 
of the new nervous parts. 

In conclusion, it is to be observed that the centrosome and the nerve 
process in the earthworm occupy a de6nite position in relation to each 
other and the nucleus. They are always on opposite sides of the nucleus, 
the centrosome occupying the greater cytoplasmic mass. The point of 
origin of the process may therefore be considered to be determined 
at as early a period as the telophase of the last mitosis in the history of 
the celL The chromatic mass is the nucleus. The polar region of the 
spindle occupies the position of the cytoplasmic fundament. The nerve 
process will be developed from the equatorial side of the nucleus. In 
the smallest cells that give evidence of any nerve process, the centro- 
some and process are on opposite sides of the nucleus. 



VI. The Centrosome in Cells of the Bpidermis. 

A study of the cells of both the old and the r^enerated epidermis 
brings to light strong evidence for the presence of the centrosome in 
the resting cell of this derivative of the ectoderm. The cells of the old 
epidermis are less favorable for the detection of the centrosome than the 
regenerated cells. The old epidermis consists of much elongated colum- 
nar cells, whose contents are often coarsely granular. The cells of a 
recently formed epidermis are more flattened and their contents finely 
granular. 

In Figure 43 (Plate 6) are shown two cells from the epidermis of the 
anterior end of a normal worm. In both of these there is a conspicuous 
deeply stained spherical granule, lying in a clear space directly at the 
deeper end of the much elongated nucleus. In the cell at the left in 
the figure this granule (c^^o.) is the only prominent object in the cyto- 
plasm. In the cell at the right, at the outer end of the nucleus, is a 
region in which are scattered a dozen or more deeply stained granules. 
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Two of them lying very cloee together occupy a slightly clearer space 
just at the cater end of the nucleus. The condition in the right cell, 
taken by itself, makes doubtful* the interpretation of any of its granules 
as a centrosome. The large granule at the deeper end of the nucleus, 
or the pair in the small clear space at its outer end, or both, might 
pass for centrosomes. Or they might almost equally well be consid- 
ered accidental granules of the kind which forms the group at the outer 
end of the nucleus. It must be noted, however, that the granule at 
the inner end is in some respects unique. It is larger than any of 
the others, its clear space is better defined, and the end of the nucleus 
is sharply invaginated at the region nearest the granule, the curvature 
of the invagination corresponding to the outline of the clear space. 
These facts, together with the fact that the next cell contains a similar 
granule, similarly located, and without the presence in the cell of any 
other like bodies, make it highly probable that the granule at the inner 
eud of the nucleus of each cell is not an accidental thing. 

These two cells well represent the conditions in the old epidermis. 
Very many, perhaps most, of the cells resemble the cell at the right in 
Figure 43. There are several, or very many, large granules in the cyto- 
plasm, often at both ends of the nucleus. Frequently one of these gran- 
ules lying near the inner end of the nucleus will appear slightly larger 
than the others, or it may lie in a clear space ; yet it is not sufficiently 
peculiar to justify considering it anything but an accidental granule 
like others in the cytoplasm. The combined evidence from all such 
cells affords alone no conclusive argument for the presence of a ceutro- 
Bome. But very often there are found cells like the left one of the two 
in Figure 43, where there is a single conspicuous granule, which is gen- 
erally situated not far from the inner end of the nucleus. In rare cases 
some weak radiations can be detected. It is not uncommon to find the 
nucleus invaginated at its inner end, as in the right cell. These gran- 
ules are doubtless ''centrosomes" in the sense that such bodies in 
resting cells are so called, without knowledge as to their history or 
function. The occurrence of cells with the single definitely located 
granule makes it likely that in cells whose cytoplasm is filled with 
large granules the centrosome is present, but its identity is rendered 
doubtful by the presence of other bodies of similar appearance. 

Figures 44 and 45 represent cells from recently regenerated epidermis. 
A thin layer of cuticula is present. The nuclei are more nearly spher- 
ical than in the old epidermis, and the cells are more flattened. Often 
no distinct cell limits can be seen. These figures are from sublimate 
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preparations stained in Kemsohwartz and safranin. In Figure 44 the 
middle nucleus has an irregular outline on the side tovrard the greater 
cjtoplasmio mass. Two small granules lie close to the nuclear mem- 
brane, each one opposite a slight concavity of the nucleus. Each gran- 
ule is surrounded by a clear space. From both granules radiations 
extend into the cytoplasm, some of them going in straight lines nearly 
to the cell periphery, others (those directly opposite the nucleus, in the 
middle region of the cell) showing an arrangement like that described 
in the nerve cells. The primary radiations from the centre meet gran- 
ules from which go off secondary radiations, resulting in something 
of a radiating network of fibres with granules at their intersections. 
The radiations, like those of the nerve cell, appear either as hyaline 
fibrils, or as rows of granules. The presence of the two central granules 
in Figure 44 suggests preparation for mitosis. 

In Figure 45 the larger nucleus has a sharp invagination at its deeper 
end. Opposite the invagination is a granule with a oomplex radiating 
system about it. Primary, secondary, and tertiary radiations may be 
detected 

VII* Mitosis in the Begeneratin^r Epidermis. 

Figures 46-52 (Plate 7) represent stages in the mitoeis ci cells in 
the regenerating epidermis of a single worm. Figure 46 shows a cell in 
the prophase. The chromatin has assumed the form of nearly spherical 
chromosomes. The nuclear membrane is still present, but indistinct or 
absent at the regions where the spindle comes into relation with the 
chromosomes. No distinct granules could be detected at the spindle 
poles. Well defined polar radiations are present. The cytoplasm is 
fairly dense throughout the cell, and there is a distinct cell membrane. 
The deformation of adjoining cells shows that the cell has increased in 
volume. This condition is followed by the total disappearance of the 
nuclear membrane, and the chromosomes are assembled into an eqnar 
torial plate. Figure 47 shows the daughter chromosomes on their way 
toward the poles. Indistinct interzonal filaments are present The 
centrosomes are extremely minute, but definite granules. Numerous 
polar radiations extend to the periphery throughout the entire cell. 

Figure 48 shows a cell seen from the surface of the epidermis, the 
axis of the nucleus being perpendicular to that of the cell. The nuclear 
figure is in the telophase with barrel-shaped intersonal region. The 
centrosomes could not be found. Figures 46-52 are, with the exception 
of Figure 48, all from a limited region oi epidermis at the ventral edge 
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of the out end of the worm. Figure 48 is from a mass of cells more 
dorsally placed, and so near the end of the alimentary tract that its 
epidermal origin is perhaps douhtfoL No other cells in this phase 
could be found in the preparation. 

Figures 49-51 show late telophases in the same group of cells from 
which Figures 46 and 47 are taken. All of these cells show a peculiar 
condition of the cell membrane. In Figure 49 the interzonal filaments 
are constricted at the equator, and there is a distinct '' Zwischenk5rper." 
An equatorial membrane has formed between the daughter cells. The 
triangular clearer region on the deep side of the two cells can best be 
interpreted as the space from which the mother-cell membrane has 
receded in its constricting. In the daughter cell at the right there is a 
narrow clearer space immediately about the interzonal filaments and 
the chromatic mass. On the deep side this space id^ sharply outlined 
as to appear bounded by a membrane. In the cell at the left there is 
something which appears like a faint membrane (m6.^ lying just within 
the old cell membrane. 

In Figure 50 there is a remarkable doubling of cell membranes, and 
in Figure 51 a well defined membrane (wift.') in each daughter cell 
evidently corresponds to the membrane fnhl in Figure 50. Outside 
each of these membranes in Figure 51 is a region corresponding to the 
regions in Figure 50 enclosed by the membranes, m6. In Figure 51, 
however, these two regions are indefinitely outlined. 

These conditions would force upon us the conclusion that a new cell 
membrane is formed within the old membrane of each daughter cell, and 
that the old membrane finally disappears. A search through the epi- 
dermis of this animal failed to reveal other stages which would throw 
any more light upon the question. 

A centrosome may be seen in the concavity of the chromatic mass in 
the right daughter cell of Figiure 50, and in the left daughter cell of 
Figure 51. In the latter figure a distinct nuclear membrane is formed 
about the chromatin. Figure 52 shows two sister cells from the same 
region. The section is somewhat oblique to the surface of the epider- 
mis. The nuclei have increased in size, the concavity still persisting. 
In the cell at the right the concavity of the nucleus is filled by a dense, 
finely granular mass containing the centrosome with some faint radia- 
tions. The presence of the centrosome at so late a period in the history 
of the young cell is evidence that the central granule of the radiating 
system of the resting cells (Figs. 44 and 45) is a true centrosome, 
remaining from the last mitosis. 

VOL. XXXVII. — HO. 8 5 
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Vni. Mitosis in the Subepidermal Cells of the Old 
Epidermis. 

Figures 53-56 (Plate 8) represent subepidermal cells, or basal cells of 
the epidermis. These cells occur wedged in between the deep ends of 
the columnar epidermal cells. In one worm of seven days' regeneration, 
many dividing cells were found among the subepidermal cells in five or 
six segments back of the injured segment. However, no mitosis was 
found in the elongated columnar epidermal cells of the same animal. 

Figure 53 represents a cell in which the division is complete. The 
new nuclear membranes have been formed. The nuclei are cup-shaped, 
and the greater mass of chromatin is collected on the concave side of the 
nucleus. At the concavity of the nucleus in the lower cell may be 
seen the conical spindle region with a minute centrosome at its apex. 
In the upper cell there is a slightly denser region immediately outside 
the concavity of the nucleus, and at the centre of this denser region is 
the centrosome. Several indistinct granules lie at the edge of the 
denser region. There are some weak radiations from both centrosomes. 
A dividing cell membrane is present. This membrane is represented as 
if the cell were seen as a transparent object. The lower of the lines, mb'., 
is the intersection of the membrane with the upper surface of the old 
cell membrane ; the upper line, mV,, is its deeper intersection. On the 
dividing membrane and in the axis of the old spindle (whose former 
position is marked by a darker region extending between the two nuclei) 
is a small dark mass, perhaps a *' Zwischenkorper." 

Figure 54 shows two sister cells. In one the concavity of the deeply 
cup-shaped nucleus, as well as a considerable space immediately outside 
of it, is filled by a mass of dense cytoplasm. The centrosome, an 
intensely staining granule with weak radiations, lies just outside the 
concavity of the nucleus. The condition of the young nucleus is char- 
acteristic. The chromatin is massed in a nearly solid layer on the 
concave side of the nucleus, while more or less isolated masses of chro- 
matin extend from this layer to the equatorial surftuse of the nucleus. 
The upper nucleus of Figure 54 is seen in the direction of its (spindle) 
axis. The mass of chromatin which lines the cavity is seen aa a nearly 
complete circular band. 

A young cell whose nucleus has increased in size and lost something 
of its concavity is shown in Figure 55. A finely granular region 
separated from the outer coarser cytoplasm by a narrow dear space. 
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and containing at its centre a prominent centrosome with some radia- 
tions, is seen at the polar concavity of the nucleus. The sister cell was 
immediately adjoining, but its axis was in an unfavorable position. 

Figure 56 represents a cell in which the resting condition has 
been regained. There is still a slight flattening of the nucleus on one 
side, — the remains of the polar concavity. The centrosome, imbedded 
in a mass of cytoplasm denser and more finely granular than that of the 
rest of the cell, lies on the flattened side of the nucleus and directly 
opposite the flattened region. The sister cell was identified in the next 
section. It showed similar conditions as to the nucleus, slightly concave 
on one side, and the presence of a denser mass of cytoplasm at this 
region of the nucleus, but no definite centrosome could be seen. 

A study of the earliest stages of regeneration may reveal that the 
new epidermis over the cicatrix owes its origin to the subepidermal 
cells rather than to the columnar cells of the old epidermis. The occur- 
rence of mitosis in the subepidermal cells many segments back of the 
one injured recalls the fact of groups of actively dividing cells in gan- 
glia remote from the cut end of the worm. The subepidermal cells 
may act as ** Ersatzzellen," receiving an impulse toward mitosis even in 
segments remote from the injury. 



IX. Some Peonliar Mitoses. 

I desire to call attention briefly to certain dividing cells in a worto of 
seven days' regeneration. Directly under the new epidermis was a 
small mass of cells with nuclei like those of the epidermis. Abundant 
mitoses were found among these cells. Figure 57 shows a group of the 
cells with a dividing cell in the metaphase. All stages of mitosis could 
be found, presenting a series of conditions exhibiting no unusual fea- 
tures. There were telophases with chromatin solidly massed at the 
poles and a barrel-shaped interzonal region, the whole figure being 
imbedded in a mass of dense cytoplasm. Later stages showed the for- 
mation of an equatorial membrane, the constricting of the interzonal 
filaments and some evidence of a Zwischenkorper. The old cell 
membrane and the equatorial membrane eventually disappear, but at 
all stages there is some dense cytoplasm collected about the daughter 
chromatic masses. The cytoplasm of the resting nuclei is indefinitely 
outlined ; there are no cell membranes. 

Among these cells a few cases were found which exhibit exceptional 
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conditions. These are shown in Figures 58-60. Figure 68 is the only 
cell of its kind which could be found. To describe it in terms of normal 
mitosisi there are two chromatic masses with some interaonal filamenta 
extending in straight lines between them. Enclosing these straight 
fibres is a sharply defined membrane (mb. nl.) slightly constricted near 
the equatorial region. This membrane is less distinct in the neighbor- 
hood of the chromatic masses. It could not be determined whether the 
membrane enclosed the chromatin^ or not. Outside the membrane 
several fibres could be seen ciuring from pole to pole. Figure 59 is, 
beyond all doubt, a later stage of the condition seen in Figure 58. The 
cell outlines are sharply defined, and the equatorial membrane has 
formed, dividing the cytoplasm. The membrane (mh, nL) must be 
identical with the one similarly designated in Figure 58. It can now 
be seen to enclose the chromatin. It is deeply constricted at the 
equator, and some indistinct fibres extend, within this membrane, 
between the chromatic masses. Figure 60 is readily seen to be a stage 
following that of Figure 59. The division of the cytoplasm is complete, 
a clear space intervening between the two daughter cells. The mem- 
brane, mb, rU., is very sharply constricted, and the two cells are still 
united by it. The chromatin is in the form of large granules. Be- 
tween the two chromatic masses extend some fibres which become 
thicker and darker as they approach the chromatic masses. 

A careful search through the series failed to reveal any other stages 
in this process of division, and nothing like it was seen in other worms. 
It can hardly be doubted that the membrade, mh. nl, of Figure 60 
is a nuclear membrane. The membrane, mb, nl.f of Figure 58 is therefore 
a nuclear membrane. Is it the old nuclear membrane, or a new onet 
The question cannot be answered with the evidence at hand. Early 
stages of mitosis are present in abundance, but none showed any sign 
of the persistence of the old nuclear membrane. However, divisions of 
this type are so rare that we may readily suppose its earlier stages to 
be absent in the preparation. If m&. fd, is the old nuclear membrane, 
we have here a case of indirect celMivision, during which the nndear 
membrane persists and divides by constriction in amitotic fashion. In 
some Protozoa the nuclear membrane normally persists during mitosis. 
It has been maintained by some writers that, in ordinary mitosis, the 
nuclear outline persists and can be made visible by certain methods 
(Pfitzner, '83, '86; Waldeyer, '88). 

The other alternative is that mb.nl. is a new nuclear membrane, 
formed about both chromatic masses during the early telophase and 
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secondarily dividiiig by oonstriotion. Whatever the proper explanation, 
the condition is of sufficient interest to invite an effort toward obtaining 
additional stages in the process. 



X. Summary. 

I. There is commonly present in the nerve cells of Lumbricid» a 
centred system, consisting of centrosome and radiations. 

1. The single centrosome (or rarely two, or even three, small gran- 
nies lying close together) is found in the axis of the cell, on the side of 
the nucleus opposite the nerve process, and therefore on the side of the 
greatest cytoplasmic mass. It is generally not far from the nucleus 
and approximately at the centre of the cell as a whole. 

2. Radiations consisting of fibrils bearing minute granules extend 
from the centrosome toward the periphery of the cell Calling these 
^primary radiations," there may also be distinguished secondary ra- 
diations, which arise from certain of the larger granules in the course of 
the primary radiations. In rarer cases tertiary radiations may be found 

, arising from granules in the secondary radiations. The centred system 
is therefore a complex one, consisting of a chief centre or centrosome, 
and numerous inferior centres situated throughout the cytoplasm, all 
with their corresponding sets of radiations, the whole system forming a 
radiating network whose complexity increases toward the periphery of 
the celL 

3. In most cases, no structure which could be called a centrosphere 
is present. The centrosome, as well as each of the inferior centres, is 
generally surrounded by a small clear space. 

Sometimes the centrosome is surrounded by a narrow region of 
denser cytoplasm, and the primary radiations, where they intersect the 
periphery of this region, bear conspicuous granules. In other cases the 
centrosome lies in a central mass of slightly denser, more finely granular 
cytoplasm, of perhaps one-half the diameter of the cell, but not bounded 
by a layer of granules. 

II. A centred system like that found in nerve cells of normal worms 
is found in regenerated nerve cells. Its chief centre, or centrosome, is 
the centrosome of the last mitosis in .the history of the cell. 

1. If the anterior five or ten segments of a worm be removed, the 
regeneration of a brain and a certain length of ventral cord (not yet 
segmented) takes place in the course of five weeks. 
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2. The epidermis is the chief soaroe of cells which give rise to tbi 
new nervous parts. 

3. In the old cord no evidence of mitosis is found among the large 
pear-shaped cells with processes. 

4. In some cases, masses of actively dividing cells are found in 
ganglia many segments back of the region of injury. These masses 
probably owe their origin to certain small indifferent cells which 
have retained their embiyonic character since the development of 
the cord. 

These cell masses can take no part in the regeneration of ganglia 
anterior to the region of injury, except when such a mass arises at the 
place of injury. 

The stimulus due to the injury is not restricted to the segment 
injured, but may cause mitosis among cells of embiyonic character 
in ganglia remote from the region of injury. 

5. The regeneration of ganglia is preceded by a forward growth of 
fibres from the cut end of the old cord. Cells of epidermal origin 
accumulate ventrally and laterally about this new fibre tract to form 
the fundament of the new ganglia. 

The fibre bundle divides to encircle the alimentary canaL At a 
region dorsal to the canal, it becomes associated with a mass of cells 
lying dorsally and posteriorly to the fibre mass, and, together with 
these, constitutes the brain fundament. 

6. The deeper cells of the nervous fundaments are the first to become 
differentiated into nerve cells. The more superficial cells long retain 
their embryonic character, continuing to divide actively after the deeper 
cells have become typical pear-shaped ganglion cells. 

7. About the posterior dorsal surface of the normal brain there are 
some cells with scant cytoplasm, and lacking nerve processes. These 
are doubtless cells which, in the development of the brain, stopped 
dividing without becoming differentiated into nerve cells, retaiuing their 
embryonic character, perhaps for purposes of regeneration in case of 
injury. 

8. In mitosis among cells of the nervous fundaments of about ^n 
weeks' regeneration, the following peculiarities are to be observed: — 

a. Throughout the process of mitosis the body of the cell outside 
the limits of the spindle figure is practically homogeneous and clear. 

b. A well defined cell membrane, formed during the prophase, be- 
comes constricted in the telophase, and an equatorial membrane is 
formed between the daughter cells. During the later phases the old 
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cell membrane, as well as the newly formed equatorial membrane, de- 
generates and disappears, 'leaving the two daughter chromatic masses, 
connected by the equatorially constricted interzonal filaments, lyiiig 
free in an indefinitely outlined dear space. 

c. The daughter chromosomes, having completed their migration 
toward the poles, fuse to form solid chromatic masses, concave on their 
polar sides. I%e chromatic mass represents the nucleus. 

d. In the concavity of each chromatic mass is a sharply outlined, 
lightly stained, conical region, — the region of the old spindle-end, — 
with the centrosome at its apex. This conical polar region is the funda- 
ment of the cytoplasm of the young cell, 

e. The interzonal filaments disappear, leaving the two chromatic 
masses and their accompanying polar structures lying free in a com- 
mon, irregularly defined, clear space formerly occupied by the mother 
cell. All the living parts of each daughter cell are comprised within the 
chromatic mass and its polar region. 

f The two young sister cells may become separated by the pushing 
in of adjacent tissue between them. 

g. The transformation of the chromatic mass into a resting nucleus 
involves the swelling of the newly formed nuclear membrane, the in- 
crease in the volume of its contents probably being due to the absorp* 
tion of fluid material. The solid mass of chromatin meanwhile gradually 
breaks up into small granules which, together with the achromatic sub- 
stance, form the loose peripheral nuclear network of the resting nucleus. 
During this process a nucleolus appears. 

A. Accompanying these changes in the nucleus, the polar cytoplasmic 
fundament increases in volume, remaining always sharply outlined in 
the surrounding clear space. For a considerable period the growing 
cytoplasm is massed upon the concave polar side of the nucleus. At 
length the nuclear concavity disappears and the increasing cytoplasm 
envelops the entire nucleus. By far the greater mass of cytoplasm, 
however, always remains on the polar side of the nucleus. 

u The size and form of the typical pear-shaped nerve cell are finally 
attained as a result of the continued swelling of the nucleus, the increase 
in volume of its large polar body of cytoplasm, and the development of 
a nerve process from the smaller mass of cytoplasm on the equatorial 
side of the nucleus. 

j. Distinct centrosomes are to be seen at the poles of the mitotic 
figure at all stages. 

After the disappearance of the Interzonal filaments the centrosome is 
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found at the apex of the pdar cytoplasmic fondamenti attaming its 
greatest size at this period* 

During the early growth of the cytoplasm the centroeome persists, 
generally being found not hx from the centre of the cytoplasmic mass. 
At an early period evidences of concentric and radiating structuze about 
the centroeome are seen. 

With continued increase of the cytoplasm, the oentrosome assumes 
its characteristic position in the axis of the cell near the nucleus, and 
becomes associated with a system of radiating fibres whose complexity 
increases until the conditions found in the mature cell (I. 2) are 
attained. 

III. 1. Some resting cells of recently regenerated epidermis possess 
a centrosome and system of radiations similar to those of the nerve 
cells. 

2. In the mitosis of cells in the regenerating epidermis the centro- 
some persists in the cytoplasm after the nucleus has regained the resting 
condition. 

3. In the much elongated columnar cells of the epidermis of the 
normal worm, there is strong evidence for the presence of a centrosome. 
In these very attenuated oell% however, no radiating system could be 
detected. 

4. The final stages of mitosis in some cells of the regenerating epi- 
dermis exhibit peculiar conditions of the cell membranes, pointing 
toward the conclusion that, after the division of the cytoplasm, a new 
cell membrane forms within the old cell membrane of each daughter 
cell, the original cell membrane disappearing. 

IV. 1. The stimulus due to the injury may cause abundant mitosis 
among the subepidermal cells or basal cells of the epidermis, several 
segments back of the injured segment. 

2. The centroeome of mitosis in these subepidermal cells persists in 
the cytoplasm after the cell has returned to the resting condition. 

V. In certain cicatricial cells, evidently of epidermal origin, a few 
mitoses were found where, in the telophases, both daughter chromatic 
masses were enclosed within a common membrane of doubtful origin 
(a distinct outer cell membrane being also present). This membrane 
finally constricts and divides equatorially, becoming, apparently, the 
nuclear membrane of the two daughter nuclei. 
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Anat. Hefte» Abth. 1, Arbeiten, Bd. 7, pp. 115-158, Taf. 5-6. 

Stricht, O. van der. 

'92. Contribution k I'etude de la Sphere attractive. Arch, de Biol., Tome 
12, pp. 741-763, PI. 24. 

Van Beneden, B. 6ee Bbnbdbit, E. tah. 

Van der Stricht, O. See Stbicbt, O. Van dbb. 
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Toigangen. Arcb. t mik. Anat., Bd. 32, pp. 1-122, 14 Textfig. 

Walter. C. 
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Tbiere. viii + 56 pp., 4 Taf. Bonn. 

Waus^, S. 

'93. Homology of tbe Centrosome. Jour. Morpb., Vol. 8, No. 2, pp. 433- 
443, 7 fig. in text 

Zimmermann, K. W. 

'93. Studien uber Plgmentzellen. 1. Ueber die Anordnung des Arcbiplasmas 
in den Pigmentzellen der Knocbenfiscbe. Arcb. f. mik. Anat., Bd. 41, pp. 
367-389, Taf. 23-24. 

Zimmermann, K. W. 

'94. (Demonstration.) Yerbandl d. Anat. Gesell., Yersamml. 8 (Anat. 
Anz., Bd. 9, Erganzungsbeft), p. 245. 

Zimmermann, K. W. 
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EXPLANATION OF PLATES. 



All the figures were drawn with the aid of the camera lodda. Unlesa otherwise 
stated, all preparations were fixed in Flemming's stronger cliromic-oemic-acetic 
mixture. 

Owing to defective printing, centrosomes and chromatic granules sometimes 
appear as rings, instead of solid bodies. 

ABBREVIATIONS. 



a. 


Anterior. 


mu. ctc\ 


Regenerated circular mus- 


can.ali. 


Alimentary canal. 




cles. 


chr. 


Chromatic mass (nucleus). 


mu. Ig. 


Old longitudinal muscles. 


etc. 


Cicatrix (cicatricular tissue). 


mu.ig'. 


Regenerated longitudinal 


cl. mU. 


Mitotic cell 




muscles. 


d.prr. 


Mass of proliferating cells. 


rtg,pol. 


Polar region; cytoplasmic 


c*»o. 


Centrosome. 




fundament. 


eta. 


Cuticula. 


stmd. 


Stomodaeum. 


d. 


Dorsal 


te. 


Testis. 


ec'drm. 


Old epidermis. 


trt.fbr. 


Regenerated fibre tract 


ec^drm'. 


Regenerated epidermis. 


tu. 


Sheath of nerre cord. 


gn. 


Ganglion. 


tuf. 


Cut end of old sheath. 


gn, nov. 


Fundament of ganglia. 


• 


In Figures 14-16, the • 


gn. su'ces. 


. Fundament of brain. 




marks the point where the 


mb. 


Mother-cell membrane. 




old epidermis ends and 


mb\ 


New cell membrane. 




the regenerated epidermis 


mb.nl. 


Nuclear membrane. 




begins. 


mu. crc. 


Old circular muscles. 
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Rahd. — Nerre-OeU Centro«om6. 



PLATE 1. 

All the figuret magnifled 2000 diameters. 

Figg. 1-8. Cells from the suboeeophageal ganglion of a normal worm. Iroo- 

hsBmatoxylin. 
Fig. 4. Cell from the brain of the same worm. 
Figs. 6, 6. Cells from a posterior ganglion of a normal worm. Aoetio-sublimate, 

iron-haematozylin. 
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Rahd. — Nerre-CeU Centrotome. 



PLATE 2. 
All the figures magnified 2000 diameters^ 

Figs. 7-9. Smaller cells from tlie posterior dorsal region of the brain of a nonnal 

worm. Iron-lissmatoxylin. 
Figs. 10-12. Cells from a regenerated brain after 34 days' regeneration. These 

three cells lay side by side in the same section. Iron-hsm&tozjliii. 
Fig. 13. Cell from a brain of 84 days' regeneration. Iron-hsematoxylin. 
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Hamd. — Nerre-CeU Centeosome. 



PLATE 3. 

Fig. 14. Parasagittal section through the anterior end of a worm after 7 days' re- 
generation. X 26. Hermann's plat.-acet.-osm., iron-hsematoxjlin. 

Fig. 15. Parasagittal section through the anterior end of a worm after 16 daja' re- 
generation. X 25. Acetic-sublimate, iron-hsematoxylin. 

Fig. 16. Parasagittal section through the anterior end of a worm after 24 dajs' 
regeneration. X 25. Acetic-sublimate, iron-hsematoxylin. 

Fig. 17. Spindle cells from the cicatrix of the worm from which Figure 14 is 
taken. (7 days' regeneration.) X 2000. 
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Rajto. — Nerve-Cell Centrotome. 



PLATE 4. 

Fig. 18. Anterior end of tlie nerve cord of Figure 14, showing a mass of newly 

formed cells. (7 days' regeneration.) X 160. 
Fig. 19. Parasagittal section tbrough the middle region of one lobe of the braiu of 

a normal worm. X 160. 
Fig. 20. Parasagittal section through the middle region of one lobe of a brain of 

34 days' regeneration. X 160. 
Fig. 21. A dividing cell in the prophase and one in the metaphase (one pole cat 

away) from a brain of 34 days' regeneration. X 2000. Iron-bsema- 

toxylin. 
Fig. 22. Metaphase from a brain of 84 days* regeneration. X 2000. Iron- 

haematoxylin. 
Fig. 23. Metaphase from the anterior end of a cord after 34 days' regeoeration. 

X 2000. Gentian violet. 
Fig. 24. Metaphase from a brain of 34 days' regeneration. X 2000. Gentian 

violet. 
Fig. 26. Telophase from a brain of 34 days' regeneration. X 2000. Gentian 

violet. 
Fig. 26. Telophase from the posterior dorsal region of a brain of 34 days' re- 
generation. X 2000. Iron-haematoxylin. 
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Ba>d. — Nerre-Oell Centroflome. 



PLATE 5. 

All the figures magnified 2000 diameters. 

Fig. 27. Telophase from a brain of 84 days' regeneration. Qentian violet 

Fig. 28. Telophase from a brain of 34 days' regeneration. One chromatic mass 

cut away. Gentian violet 
Fig. 29. Telophase from a brain of 34 days' regeneration. Reconstructed from 

two sections. Above it, a young cell. Iron-bsematozylin. 
Fig. 30. Telophase from the anterior end of a cord after 84 days' regeneration. 

Gentian violet 
Fig. 31. Young cell (with several of the neighboring nuclei) from the posterior 

ventral region of a brain of 34 days' regeneration. Iron-bsematozjlin. 
Figs. 32a, 826. A pair of young sister cells from a brain of 34 days' regeneration. 

The cells are in successive sections. Iron-hsematoxylin. 
Fig. 83. Two pairs of young sister cells from a brain of 84 days' regeneration, a 

and /9 are one pair. The two cells of the otlier pair lie one over the 

other. 7 is the upper of the two and the outline of the lower U indi- 
cated by 9. Gentian violet 
Figs. 84, 86. Young cells from the anterior end of a cord of 84 days' regeneration. 

Iron-hsematoxylin. 
Fig. 86. A group of cells from the posterior ventral region of a brain of 34 days' 

regeneration. At the centre of the group is a young cell. Iron- 

hssmatoxylin. 
Fig. 37. Young cell ft'om the dorsal region of a brain of 34 days' regeneration. 

Gentian violet 
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Eahd. 'Nerre-Cell Centroaome. 



PLATE 6. 

All the figures magnified 2000 diameters. 

Fig. 38. Young cell (with several of the neighboring nuclei) from the anterior end 
of a cord of 34 days' regeneration. Iron-hsematoxylin. 

Fig. 39. Small cells with resting nuclei from the anterior end of a cord of 34 days' 
regeneration. Each of the two cells has a centrosome. Iron-hsema- 
toxylin. 

Fig. 40. Cell with a greater mass of cytoplasm than in the cells of Figure 30 ; 
centrosome and radiations. From a brain of 34 days* regeneration. 
Iron-hasmatoxylin. 

Fig. 41. Cell, similar to that of Figure 40, from a brain of 37 days' regeneration ; 
centrosome and radiations. Iron-hsBmatoxylin. 

Fig. 42. Three cells from the anterior end of a cord of 34 days' regeneration. A 
centrosome with radiations may be seen near each of the two larger 
nuclei, on the side toward the greatest cytopUsmic mass. Iron-hsema- 
toxylin. 

Fig. 43. Two cells from the epidermis of a normal worm. The centrosome is at the 
deeper end of each nucleus. Iron-hsematoxylin. 

Figs. 44, 45. Cells from regenerated epidermis, showing centrosomes and radia- 
tions. 16 days' regeneration. Acetic-sublimate, Kemschwartz and 
safranin. 
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BAja>. — Nenre-Oll C«ntnMome. 



PLATE 7. 

All the figures magnified 2000 diameters. 

Figs. 46-62. Dividing or recently divided cells from the regenerated epidermis of 
a worm, after 11 days' regeneration. Hermann's plat-acet-osm., iron- 
hsematozylin. See pages 146-147 for a discussion of the membranes. 
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Rahd. — Nenre-Cell Centroiome. 



PLATE a 

All the figures magnified 2000 diameters. 

Figs. 53-56. Recently divided subepidermal or basal cells of the old epidermis, 
from one to four segments back of the segment cut The centro«onie 
of mitosis persists in the resting cells. 7 days after the operation. 
Hermann's plat.-acet.-osm., iron-hsematoxylin. 

Fig. 57. Group of cells, with nuclei of the epidermal type, from a thin layer of 
cells lying directly beneath the regenerated epidermis of a worm of 11 
days' regeneration. Hermann's plat-acet.-osm., iron-hsBmatoxylin. 

Figs. 58-60. Diyiding cells from the layer of cells mentioned in the explanation of 
Figure 57, showing peculiar conditions as to the presence of a nuclear 
membrane. See page 149. 
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CONTRIBUTIONS FROM THE ZOOLOGICAL LABORATORY OF 
THE MUSEUM OF COMPARATIVE ZOOLOGY AT HARVARD 
COLLEGE. 

E. L. Mark, Director, 



«% AbbreTiations used : — 

B. M. C. Z for Ball. Mas. Comp. Zodl. 

P. A. A for Proceed. Amer. Acad. Arts and Sd. 

P. B. S.N. H for Proceed. Bost. Soc. Nat. Hist. 

1. Babmbs, W. — On the Deyelopttient of the Posterior Fissore of the Spinal Cord, and 

the Beduction of the Central Canal, In the Pig. J*. A. A. 19 : 97-110. S pis. 1884. 

2. TuTTLE, A. H. — The Relation of the External Meatus, Tympanam, and Eustachian 

Tnbe to the First Visceral Cleft. P. A. A. !• : 111-183. 2 pis. 1884. 

8. ATBB0, H. — On the Deyelopment of Oecanthos niyeos and its Parasite, Teleas. 
Mem. Bost. Soc Kat. Hist. 3 : 226-281. 8 pis. Jan., 1884. 

4. WHrPMAK. C. O. — The External Morphology of the Leech. P. A. A. 90: 76-87. 

Ipl. Sept., 1884. 

5. Patten, "W.—'Die Deyelopment of Pliryganids, with a PreliminHry Note on the 

Deyelopment of Blatta Germanica. Quart. Joum. Micr. Sci. 94 : 54(MM)2. 8 pis. 
1884. 

6. RiiGHARD, J. — On the Anatomj and Histology of Anlopborus yagus. F. A. A. 

ao : 88-106. 8 pis. Oct., 1884. 

7. Faxoh,W.— Descriptions of New Species of Cambarus; to which is added a 

Synonymical List of the Known Species of Cambnrus and Astacus. P. A. A. 
90 : 107-158. Dec., 1884. 

8. Loot, W. — Obsenrations on the Deyelopment of Agelena naeyia. B> M. C. Z. 

la : 63-103. 12 pis. Jan., 1886. 

9. Fewkbs, J. W.— Report on the Medusae collected by the U. 8. Fish Commission 

Steamer Albatross in the Region of the Gulf Stream in 1888 -'84. Ann. Rep. Comnr. 
Fish and Fisheries for 1884, 027-080, 10 pis., 1886. 

10. Atebs, H. — On the Carapax and Sternum of Decapod Crustaces. Bull. Essex Inst. 

17 : 4»-50. 2 pis. 1886. 

11. Mark, E. L. — Simple Eyes in Arthropods. B. M. C. Z. 18 : 40-106. 6 pis. Feb., 

1887. 

12. Pabkbr, 6. H. — The Eyes in Scorpions. B. M. C. Z. IS : 178-208. 4 pis. Dec, 

1887. 

13. Mato, Florbnck. — The Superior Incisors and Canine Teeth of Sheep. B. M. C. Z. 

19:247-258. 2 pis. Jnn., 1888. 

14. Platt, Juua B. — Studies on the Primitiye Axial Segmentation of the Chick. 

B. M. C. Z. 17 : 171-100. 2 pis. Jul., 1880. 

16. Mark, E. L. — Studies on Lepidosteus. Part 1. B. M. C. Z. 19 : 1-127. pis. 
Feb., 1800. 

16. ExGnrxANN, C. H. ~ On the Egg Membranes and Micropyle of some Osseous 

Fishes. B. M. C. Z. 19 : 129-164. 8 pis. Mar., 1800. 

17. Parksr,G. H. — The Histology and Deyelopment of the Eye in the Lobster. 

B. M. C. Z. 90 : 1-60. 4 pis. May, 1800. 

18. Atirs, H. — The Morphology of the Carotids, based on a Study of the Blood-yessels 

of Chlamydoselachus anguineus, Garman. B. M. C. Z. 17 : 101-223. 1 pi. Oct., 
1880. 

10. DAyRNTOBT, C. B. — Cristatella : The Origin and Development of the Indiyidual in 
the Colony. B. M. C. Z. %0 : 101-161. 11 pis. Noy., 1800. 

90. Farkxr, G. H. — The Eyes in Blind Crayashes. B. M. C. Z. 90: 168-162. 1 pi. 
Noy., 1800. 
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21. HxNOHXAN, Annis P. ~ The Origdn and Development of the Central Ncnroaa Sja- 

tern in Limax maximus. B. M. C. Z. dO : 16»-208. 10 pis. Dec, 18W. 

22. RiTTBR, W. E. —The Parietal Eye in some Lizards from the Western United States. 

B. M. C. Z. ao : 20»-228. 4 pis. Jan., 1891. 

23. Davenport, C. B. — Preliminary Notice on Budding in Bryozoa. P. A.A. SS: 

278-282. Mar., 1891. 

24. WooDwoRTH, W. M. — Contributions to the Morphology of the Turbellaria. — I. On 

the Structure of Phagocata gracilis, Leidy. B. M. C. Z. dl : 1-44. 4 pis. Apr., 
1891. 

25. Parkbb, U. H. — The Compound Eyes in Crustaceans. B. M. C. Z. dl : 4V142. 

10 pis. May, 1891. 

20. Ward, II. B. — On some Points in the Anatomy and Histology of Sipunculns 
nudus, L. B. M. C. Z. 91 : 14^184. May, 1891. 

27. Field, II. H. — Tlie Development of the Pronephros and Segmental Duct in Am- 

phibia. B. M. C. Z. 91 : 201-342. 8 pis. Jun., 1891. 

28. Daveitport, C. B. — Observations on Budding iu Paludicella and some other Brro- 

zoft. B. M. C. Z. 99 : 1-114. 12 pis. Dec, 1891. 

29. Smith, F. — The Gastrulation*of Aurelia flavidula, P^r. and Les. B. M. C. Z. 99 : 

115-126. 2pU. Dec, 1891. 

30. Johnson, II. P. — Amitosis in the Embryonal Envelopes of the Scorpion. B.M.C. Z. 

99 : 127-162. 3 pU». Jan., 1892. 

31. BoTKR, E. B. — The Mesoderm in Tcleosts : especially its Share in the Formation of 

the Pectoral Fin. B. M. C. Z. 93 : 91-134. 8 pis. Apr., 1892. 

32. Ward, II. B.— On Ncctonema agile. B. M. C. Z. 93 : 135-188. 8 pis. Jun., 1802. 

33. Davenport, C. B.— On UmateUa gracilis. B. M. C. Z. 94: 1-44. 6 pis. Jan., 

1893. 1^ 

34. Davenport, C. B. — Note on Uie Carotids and the Ductus Botalli of the Alligator. 

B. M. C. Z. 94 : 45-50. 1 pi. Jan., 1893. 

35. RiTTBB, W. E. — On the Eyes, the Integumentary Sense Papillae, and the Integu- 

ment of the San Diego Blind Fish (T^'phlogobius califomiensls, Steindachuer) . 
B. M. C. Z. 94 : 51-102. 4 pis. Apr., 1893. 

36. NicKERsoN, W. S. — The Development of the Scales in Lepidosteus. B. M. C. Z. 

94 : 115-140. 4 pis. Jul., 1893. 

37. Davenport, C. B. — Studies in Morphogenesis. — I. On the Development of the 

Ccrata in ^olis. B. M. C. Z. 94 : 141-148. 2 pis. Jul., 1893. 

38. WooDWORTH, W. McM. — A Method of Orienting small Objects for the Microtome. 

B. M. C. Z. 95 : 45-47. Dec, 1893. 

39. KoFOiD, C. A. — On some Laws of Cleavage in Limax. P. A. A. 99: 180-203. 

2 pis. 1894. 

40. Davenport, C. B. — Studies, etr. — II. Regeneration in Obelia and ite Bearing on 

Differentiation iu the Gcrm-Plasma. Anat. Anz. • : 283-294. 6 figs. Feb. 15, 
1894. 

41. IIoLBROOK, A. T. — The Origin of the Endocardium in Bony Fishes. B. M. C. Z. 

95 ; 75-97. 5 pis. Aug., 1894. 

42. Castle, W. E. — On the Cell Lineage of the Ascidian Egg. A Preliminary Notice. 

P. A. A. 30: 200-216. 2 pis. Oct., 1894. 

43. Wetssb, a. W. — On the Blastodermic Vesicle of Sus scrofa domesticus. P. A. A. 

30 : 283-323. 4 pU. Dec, 1894. 

44. Wilcox, E.V. — Spcrmatogonc$>is of Caloptenus femur-rubrum. Preliminary 

Notice. Anat. Anz. lO : 303, 304. Dec. 19, 1894. 

45. Miller, GbrritS., Jr.— On the Introitus Vaginas of certain Muride. P.B.S.N. H. 

9e : 459-468. 1 pi. Feb., 1895. 

46. Davenport, C. b., and Castle, W. E. — Studies, etc. — III. On the Acclimatiza. 

tion of Organisms to Iligh Temperatures. Arch, t Entwickelnngsmechanik 9 : 
227-249. Jul. 23, 1895. 

47. Wilcox, E. V. -Spermatogenesis of Caloptenus femur-rubrum and Cicada tibicen. 

B. M. C. Z. 97 : 1-32. 5 pis. May, 1895. 

48. KoFoiD, C. A. — On the Early Development of Limax. B. M. C. Z. 97: 83-118. 

8 pis. Aug., 1895. 
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49. NiCKBBSON, W. 8. — On Sticbocotyle nopliropis Canningham, » Parasite of the Ameri- 

can Lobster. Zool. Jahrb., Abtb. f. Anat. H : 447-480. 3 pis. 1895. 

50. Datsnpobt, C. B. — Studies, etc. — IV. A i»reliminary Catalogue of the Processes 

concerned in Ontogeny. B. M. C. Z. ar : 171-199. 81 flgs. in text. Nov., 1895. 

61. Parkbb, G. n., AND Flotd, R. — The Preservation of Mammalian Brains by Means 

ofFormol and Alcohol. Anat. Anx. 11 : 156-158. Sept. 28, 1895. 

62. Ca«tle, W. E, — The Earlv Embryology of Ciona iatcstlnalis, Flemming (L.). 

B. M. C. Z. ar : 201-280. 13 pis. Jan., 1896. 

63. Davenport. C. B., and Nbal, II. V. — Studies, etc. — V. On the Acclimatization 

of Organismn to Poisonous Chemical Substances. Arch. f. Entwickelungsme- 
chanik 2 : 5IM-5S3. 3 Bgs. Jan. 28, 1896. 

64. Parker, G. H., and Floyd, R. — Formaldehyde, Formaline. Formol, and Forma- 

lose. Anat. Anz. 11 : 567, 568. Feb. 14, 1890. 

66. Parker, G. IL— The Reactions of Metridium to Food and other Substances. 
B. M. C. Z. *J0 : 105-119. Mar., 1896. 

66. Gbrould, J. II. — The Anatomy and Ilistology of Candina arenata Gould. 

P. B. 8. N. H. 97: 7-74. 8 pis. and B. M. C. Z. aO: 121-190. 8 pis. Apr., 
1896. 

67. Parker, G. II. — Variations in the Vertebral Column of Nccturu*. Anat. Anz. 11 : 

711-717. 2 figs. Mar. 29, 1896. 

68. WiLOOX,E. v. — Further Studies on the Spermatogenesis of Caloptenus femur- 

rubrum. B. M. C. Z. 29 : 191-206. 3 pis. Jun., 1896. 

69. Mater, A. G. — The Development of the Wing Scales and their Pigment in Butter- 

flies and Moths. B. M. C. Z. 99 : 207-236. 7 pis. Jun., 1896. 

60. FOLSOX, J. W. — Neelu^ mnrinus, representing a new Thysauuran Family. Psyche, 

7 : 391, 392. 1 pL Jun., 1896 

61. Goto, S. — Vorliiufige Mittheilung Uber die Entwicklung des Seestcmes Asterias 

pallida. Zool. Anz. 19: 271-273. Jun. 15, 1896. 

02. Parker, H. II. — Pigment Migration in the Eyes of PaUemonctes. A Preliminary 
Notice. Zool. Anz. 19: 281-284. 2 figs. Jun. 29, 1896. 

63. Wood WORTH, W. McM. — Preliminary Report on Collections of Turbellaria from 

Lake St. Clair and Charlevoix, Michigan. Bull. Michigan Fish Commission, 
No. 9 : 94, 95. 1896. 

64. Goto, S. — Preliminary Notes on the Embryolog>' of the Starfish (Asterias pallida). 

P. A. A. 81 : 3:J3-335. Jul., 1896. 

66. Woodworth, W. McM. — Report on the Turbellaria collected by the Michigan 
Stare Fish Commission during the Summers of 1893 and 1894. B. M. C Z. 99: 
237-244. Ipl. Jun., 1896. 

66. Tower. W.L.— On the Nervous System of Cestodes. Zool. Anz. 19: 323-327. 

2 figs. Jul. 20, 1896. 

67. Davenport, Gertrude C — The Primitive Streak and Notoirhordal Canal in Che- 
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Introduction. 

The following Bindies were made at Harvard University during the 
fall and winter of 1898-99. The problem was proposed by Dr. C. B. 
Davenport and the investigation carried on under his immediate direc- 
tion. I wish here to acknowledge my indebtedness to his many sugges- 
tions and helpful criticisms throughout the year. In connection with the 
preparation of the manuscript for publication, I am under obligation to 
Dr. E. L. Mark for many kindnesses. 

The behavior of any organism toward artificial stimulation is prob- 
ably always largely dependent on its normal environmental condi- 
tions. The long action of those conditions, assisted, perhaps, by the 
animaVs own efforts, conscious or unconscious, to adapt itself to them, 
finally results in certain habits and instincts. The process of adaptation 
being extremely slow, organisms are strongly averse to great or sudden 
changes in their environment and incapable of adjusting themselves to 
them. As a rule, then, we should expect animals to seek those condi- 
tions of light, heat, moisture, and other physical and chemical influences 
which are most in accordance with those to which they are normally 
subjected. 
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The most easily observed responses of animals arie natarallj those 
which find their expression in locomotion. The nomber of stimuli which 
may influence locomotion are, of course, numerous, but of these a certain 
limited number play much the larger part. If we had an accurate 
knowledge of the relative weight of these different forces, we might pre- 
dict with certainty the path any animal would follow under certain given 
conditions. An experimental study of the different stimuli ought at least 
to enable us to find out which ones do operate, and perhaps to establish 
certain general laws regarding them and the biological tendencies whidi 
impel the animal to respond. 

The present paper is a study of the locomotor responses of the slog 
Limax maximus to three kinds of stimuli, — those of touch, gravity, and 
light. In connection with these studies new problems have constantly 
arisen, some of which have been cursorily considered, many others 
merely alluded to, so that the work is far from being complete. 

The term " geotaxis " has been used to designate the influence of gravity 
on locomotion. Interesting and careful studies have been made on the 
geotaxis of numerous Protista by Schwarz ('84), Aderhold ('88), 
Massart ('91), and Jensen ('93). These investigations clearly show a 
geotactic response in the unicellular organisms studied. The kind of 
response varies according to other conditions, such as those of light, heat, 
density of medium, chemical influences, etc., and may also differ in indi- 
viduals of the same genus under apparently like conditions. Massart 
('91, pp. 161-162) found that, when a number of Spirilla were put into 
a vertical tube, one group collected in the upper part and another at the 
lower part. He also found (p. 164) that Chromulina woroniniana was 
negatively geotactic — that is, moved upward, or in a direction opposite to 
that of the pull of gravity — at 15** to 20° C, but positively geotactic at 
5° to 7° C. Jensen's work also showed the important influence of other 
agents in modifying geotaxis. Loeb ('88, pp. 7-8) found that cock- 
roaches preferred the steepest side of a box whose four sides were inclined 
at different angles ; that is, they are negatively geotactic. He also dis- 
covered that a number of other Metazoa were geotactic. 

In a certain way, the present paper is a continuation of a recent study 
made by Dr. C. B. Davenport and Miss Helen Perkins on geotaxis in 
the slug. Davenport and Perkins ('97, p. 105) discovered that the 
intensity of the animal's geotactic response was directly proportional to 
the sine of the angle of deviation from the vertical, and hence " varied 
directly as the active component of gravity." In the third section of 
their paper, the question, '< What determines whether the head end of 
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the slug shall be directed up or down ? " was raised and cousidered. The 
results showed that certain individuals appeared to have a fairly marked 
positive geotazis, for, when placed on an inclined glass plate, such 
animals swung the head-pole of the axis toward the earth ; but others 
showed as strongly marked a tendency to move away from the earthy and 
a few seemed indifferent as to whether they went up or down. Their 
experiments showed further that there was, apparently, no inherent 
tendency in individual animals to move either to the right or to the left, 
BO that the difference in geotactic response could not be explained as due 
to differences of an inherent tendency of this kind. The effect of a slight 
initial impulse given to the head of the animal indicated that the thigmo- 
tacUc, or contact, stimulus imparted to the animal in handling might, to 
some extent, modify its response to the stimulus of gravity. But 
Davenport and Perkins did not reach any defuiite, satisfactory answer to 
the main question. 

It was to test their observations by a larger number of experiments, 
and, if confirmed, to explain them by further experimentation, that the 
present investigation was undertaken. In the first place, I wished to 
find out whether certain individuals, if put on an inclined glass plate, 
always responded to the pull of gravity by directing the head end up and 
moving away from the earth, and whether certain other individuals 
always did the contrary. If this proved to be true, then it was my main 
problem to seek the reason for it. Is the force which makes some slugs 
go up, others down, and still others indifferent to the attraction of gravity, 
a purely accidental one, — is it a physical force, or is it what we may call 
a psychical peculiarity, which varies in different individuals and in the same 
individual at different times ? As a preliminary to the main problem, 
I first made a series of experiments on the animal's thigmotaxis, — its 
response to contact- and pressure-stimuli. By virtue of its thigmotaxis, an 
animal moves either toward or away from the agent which comes in 
contact with it, just as its geotaxis is expressed in a movement toward or 
away from the earth, in response to the attraction of gravity. 

I. Thigmotaxis. 

Material and Methods. — The animal used in all the following experi- 
ments was Limax maximus, which is fairly abundant in the greenhouses 
about Cambridge. Material was obtained from several different green- 
houses and kept in a large closed tin box, the bottom of which was 
covered with' moss kept moist, so as to afford an environment as much like 
the customary one as possible. Fresh cabbage leaves constituted the 
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animars main food. The canDibalistic tendencies of the slag, together 
with an unavoidable deterioration due to repeated handling, necessitated 
a frequent renewal of the animals. 

The methods used in the experiments were simple. The slug was 
placed on a circular glass plate set horizontally in the bottom of a 
cuboidal wooden box which was made impervious to light and covered 
with a thick, black cloth. Precautions were taken to avoid thermal and 
chemical influences by keeping the box at as equable a temperature as 
possible and by wiping the plate free from slime before each test. The 
tests were made only when the animal had definitely oriented itself and 
was moving ahead in a straight line. Two series were made. In the 
first series the dorsal tentacle was touched gently with the forefinger. 
The box was then immediately covered with the black cloth. Observa- 
tions were made after the lapse of 20 to 30 seconds and the position of 
the animal noted. The right and left tentacles were touched alternately. 

Besuks. — The following Table (I.) gives the results of a number of 
experiments on ten different animals. 

TABLE L 
Rbsfonsb to Tuiqmot actio Stimulation of thb Tbntaglbs. 





Number of TrUlB. 




Animal 
No. 




T^ytal Number 

OfTliAlA. 










— 


+ 







1 


7 


2 


3 


12 


2 


11 


3 


3 


17 


3 


8 


3 


1 


12 


4 


4 


3 


3 


10 


6 


7 


2 








6 


6 





2 


8 


7 


10 


2 


2 


14 


8 


16 


4 


2 


22 


9 


18 


1 


6 


24 


10 


22 


1 


4 


17 


Totals . . 


99 


21 


26 


146 
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The column headed with the minus sign shows the number of times the 
animal responded by moving away from the source of stimulus ; the one 
headed with the plus sign, the number of times it moved towards that 
source ; and the zero column, the number of times there was no response. 
I found that the animal would respond very definitely and precisely to 
stimuli two or three times in succession by immediately retracting the 
tentacle touched and moving away from the stimulating influence. After 
the third trial, however, it either refused to change its direction of loco- 
motion or else moved directly towards the source of the stimulus. If a 
respite of a few seconds before the next stimulation was then permitted, 
the animal would again give a precise negative response for two or three 
trials, and then, as before, it desisted. Out of the total 145 tests, there 
was a negative response in two thirds of the trials. The remaining 
trials — one third of the whole — were about equally divided between 
the positive responses and refusals to respond at all. Sometimes five or 
six tests were made in quick succession, so that the total negative 
response is rather less than it would have been if a rest had been given 
in each case after three tests. Out of the 21 cases of direct positive 
response, 15 were cases where the right tentacle was touched, and the 
remaining 6 were due to stimulation of the left tentacle. Similar, but 
more marked, difierences between the results of stimulating the right and 
the left tentacles were observed in other experiments. This suggests that 
either the right tentacle may be less sensitive to stimuli, or that its coun- 
terirritancy may be more readily aroused. There is, however, a third 
possible cause. The animal may have an innate tendency to go to the 
right, and, if so, this tendency may diminish to some extent the force of 
the stimulating agent when it impinges on the right side of the animal, 
and correspondingly increase the response when the stimulus is directed 
upon the left side of the animal. Something further will be said about 
this point in a later part of the paper. 

A few thigmotactic experiments were next made on the sides of the 
animal posterior to the head. The right and left sides were touched 
alternately. The results are given in Table II. 

Phenomena like those observed in stimulating the tentacles are seen 
here, and they also agree with similar observations by Davenport and 
Perkins ('97, p. 109.) After two or three trials, the animal begins to 
show resistance, and if the finger is held against its side, will sometimes 
try to displace the finger by pushing against and curling the body around 
it. The frequency of the negative response is here somewhat less marked 
than in the preceding experiments, which is as we should expect, owing 
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to the greater sensitiyeness of the tentacles as special tactile organs. In 
these experiments every one of the minus and zero results was due to 
stimulation of the right tentacle. 

TABLE n. 
Rbsponsb to Thiqmotactio Stimulation of thb Sides of tbb Body. 





Number of Trials. 




Aninud 
No. 




Total Number 
of Trials. 










"~ 


+ 







1 


11 


8 


8 


17 


2 


8 


6 


2 


16 


8 


17 


6 


4 


26 


Totals . . 


36 


14 


9 


69 



These facts clearly prove that, under ordinary circumstances^ the slug 
is negatively thigmotactic. In our consideration of the animal's responsee 
to other stimuli, we shall have to take this into account, as causing 
occasional vagaries^ and therefore endeavor to eliminate it as much as 
possible from the experiments. 

II. Geotaxis. 

What determines whether the head end of the slug shall be directed 
up or down ? 

Methods. — The same apparatus was used as in the preceding experi- 
ment. A circular glass plate was employed so that the animal could be 
rotated into any desired position without the necessity of its being 
handled. The plate was set in a box at an angle of about 45° with the 
horizon. In each test the animal was so placed on the plate that the 
long axis was horizontal, different sides being directed downward in 
different trials. At first the experimentation consisted mostly of watching 
the animals in order to obtain some clue for further work. Later, rough 
sketches of the pigment patterns of the individual animals were made, so 
that it was possible to identify individuals with certainty; the same 
animal could then be subjected to experiments at different times and the 
difference in results noted. The methods used in working out particular 
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questions will appear as these questions are considered. As the same 
number of experiments were not made on each animal studied, I have, 
for the sake of comparison, estimated in each case the geotaxis in per 
cents. This percentage is obtained by diyiding the number of positive 
or negative responses by the total number of responses. The nearer the 
geotaxis percentage approaches 100 the more precise has been the kind 
of response. No fixed time was allowed to elapse between successive 
tests, but in'each test the observation was made at an interval of from 30 
to 60 seconds after covering the box. 

Operations and Eesults. — The first question investigated was whether 
particular animals exhibited a decisive positive or negative geotaxis. A 
number of tests were, therefore, made on each of several selected indi- 
viduals. The results obtained were like those of Davenport and Perkins 
('97, p. 108) ; that is, certain animals showed a very marked positive geo- 
taxis ; others, an equally decided negative tendency ; and a few, perhaps 
one animal out of 12 or 15 where 10 or more tests were made, were 
apparently geotactically indifferent. The occasional irregularities in the 
responses of individual animals were easily seen to be due to influences 
other than pure gravity, such as jarrings of the plate, influence of contact 
in putting the animal on the plate, and to the influence of light admitted 
in lifting the cover of the box. Frequently, upon the raising of the 
doth to make an observation, the animal would retract its tentacles, as 
if dazzled by the sudden inflow of light, and at Che next observation 
it would be seen to have altered its response. 

Naturally, this question next arose. Is the response, the same on 
different days? In Table IV. (p. 195) are given the results with a num- 
ber of aniihals experimented on to test this point. These are numbers 
2, 7, 8, 22-25, 27. Number 2 was positively geotactic on two days 
and negative on another day. A similar variation is seen in the case 
of slugs 7 and 22. In the case of all the rest, however, there is a very 
marked constancy. The ninth (last) column in the table indicates the 
condition of the animals at the time of experimentation. We see from 
this that on the days of different response, the animals were in somewhat 
unlike conditions, which may account for the irregularity of response. 
The significance of this will be dealt with later. The important matter 
here is, that the animals, when in the same condition and under the 
same circumstances, have a fairly constant geotaxis from day to day. 
One of the most marked cases- is that of number 24. This animal was 
experimented on at different times for a period of three weeks. During 
this period, it was always active and in good condition, and, as the 
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table shows, at all dmes, exhibited nearly the same percentage nega- 
tive geotaxis. At the last trial made, it responded irregularly, and so 
slowly, — at one time not changing its position for thirty minutes, — 
that I had to give up the attempt to obtain a series. This was often 
the case with other individuals after a few definite responses. 

Tests were then made on the geotaxis of the same individuals at 
different times of the same day. Considering the slug's normal en- 
vironment, it would not be surprising if, for instance, it should show an 
upward tendency in the evening and a downward geotaxis in the day- 
time. Its nocturnal habits and dislike of daylight might give it a dif- 
ferent geotactic instinct at night from that of the daytime. I insert here 
a table (HI.) giving the results of a few experiments bearing on this 
point As the table shows, the response is pretty constant at different 

TABLE m. 
Gbotaxis of thrbe Individuals at Diffbrent Times ik the Dat. 



Animal 
No. 


Time of Day. 


Number of TrialB. 


^Oeotazia. 


Conditioii 
ofMucna. 


+ 


- 


1 


8.00 A.M. 


6 


2 


+71.4 


Good 




1.80 P.M. 


6 


3 


+66.6 


Rather Dry 




8.30 P.M. 


7 


4 


+68.6 


Tail Dry 


2 


1.30 P.M. 


16 


1 


+94.1 


Good 




7.00 P.M. 


9 


18 


-66.6 


Rather Dry 




7.00 P.M. 


12 


6 


+70.6 


Fair 




10.00 P.M. 


6 


3 


■^ms 


Fair 


3 


7.00 A.M. 


3 


8 


-72.7 


Fair 




1.80 P.M. 





5 


-100. 


Fair 



times of the same day. The one exception is number 2. That it 
was negative on one evening at 7 p. m., may be explained by the fiftct 
that its condition was not good. Moreover, on another evening at the 
same time the animal had become positively geotactic. 

From the observations recorded in Tables III. and IV., it is plain that 
the geotactic response is not due to purely accidental factors, but can 
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be explained only by some marked difference between the individaal 
animals. The first thought is that differences in response are due to a 
difference in size, and the facts seem to give some support to that ex- 
planation. Most of the positively geotactic individuals were found 
among the small and medium-sized animals, and nearly all the negative 
animals were of large size. Moreover, the few indifferent individuals 
were of medium size. This, however, was not an invariable rule. 
Small animals were sometimes negatively geotactic and, occasionally, a 
large slug would migrate earthward. 

A second, clearly important, factor is the condition of the animal's 
mucus. As shown by the preceding experiments, animals, positively 
geotactic when normal, became negatively geotactic when lacking in 
an abundance of sticky slime ; e. g, animal 2, Table III., and animals 2 
and 7, Table IV. On the other hand, in one instance (22 b), a nega- 
tive animal, when extremely sticky, went downwards. Abundant, sticky 
mucus is evidently connected with a downward migration, and dryness 
seems to force the animal to take an upward direction. But these facts 
are not enough to explain all responses. For sometimes two animals 
of nearly the same size and in equally good condition gave different 
geotactic responses. We must look for other differences. It will, 
however, be necessary first to refer briefly to the form and external 
appearance of the slug. 




FlOURB 1. 

Outline of Limax maximus. mil, a., anterior edge of mantle ; mtl. p., posterior 
edge of mantle ; a. to mtl. p., anterior region of body ; mtl. p. to p., posterior region ; 
oc., eye ; to. rf., dorsal tentacle ; to. v., ventral tentacle ; of. pul., pulmonary orifice. 



The slug, if we except the respiratory opening on the right side of 
the body, is externally bilaterally symmetrical. It has no external 
shell. There are two pairs of tentacles, — a dorsal pair bearing the 
eyes and a smaller ventral pair. The mantle extends from the neck, 
ventrally, to near the edge of the foot Posteriorly, it forms a prominent 
fold, as indicated in the figure, which may be used to separate the body 
into an anterior and a posterior region. Observations of the animal 
VOL. xxxvii. — 13 
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reveal that it has very different degrees of oontrol over these two 
regions of the body. In locomotion, the head end of the body, back 
as far as the respiratory opening, is freely swung about from side to 
side and determines the axis of orientation of the animal. Over the 
posterior region, the animal seems ordinarily to have very imperfect 
controL The relation between the two regions is crudely that of a 
span of horses to a chain of wagons which they are pulling. When the 
horses change direction, the wagons come only slowly around into posi- 
tion one after the other, and there is likely to be some slipping in the 
process, especially if it takes place on a down grade. In watching the 
slug, I saw that the adhesion of the anterior region appeared consider- 
ably greater than that of the posterior. When the animal gets dry, it 
does so first at the posterior region. The tip of the tail is the part first 
to lose its clinging power, and it may carl up dorsally as a result of the 
drying process. K an animal which is thus beginning to deteriorate in 
its supply of mucus be put on a glass plate and the plate raised into a 
vertical position, the slag will move along and desperately cling to the 
plate with the anterior part of its body. The posterior region will 
gradually swing downward as a result of the pull of gravity, and, in 
consequence, the animal's head will eventually be directed upward. 
From this, we are justified in concluding that the same principle will 
operate, although to a considerably less degree, in the animal's normal 
condition. A hasty examination showed that there was a good deal of 
variation in the proportions of the two regions in different individuals. 
As a crude and easy way of estimating these proportions, I measured 
the length in millimeters of the anterior region from the tip of the head 
to the posterior fold of the mantle, and similarly the length of the pos- 
terior region from that fold to the tip of the tail.* 

The results from 27 animals thus measured are given in Table IV. 

The individuals (Table IV.) are arranged in a series, beginning with 
those in which the two regions are most nearly of the same length 
and ending with those in which the disproportion is greatest In animal 
No. 1, the length of the anterior region is 83.3 per cent (column 8) of 
the posterior ; that is, the ratio is almost one to one. In No. 25, the 
anterior region is only 45 per cent as long as the posterior, or less than 
half its length. 

The fifth column in the table gives the geotaxis of individuals in per 

* The measurements were made when the animal was extended and moviog 
across the plate. The amount of elongation varies a good deal, but the regions 
retain pretty closely their relative proportions. 
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TABLE IV. 

SUMMART OF GSOTAOTIC RbSULTB. 



8ei 

Aniiittl se 

Ho. <« 

6B 


iesofC 
rrattox 


)b- Number of Trialfc 

IS 


^Oeo- 


Length of 
Anterior 
Region in 


Lengtli of 
Posterior 
Region in 


' Ratio of Ant. 
to Port. Re- 
gion in per 
cents. 


Condition of AnimsL 


1 Diff e 
itDftja 


r- ■ 


- 


1 


. 


10 





+100. 


20 


24 


83.8 


Good. 


2 


a 


6 


3 


-f- 66.6 


18 


22 


82. 


Fair. 


2 


b 


5 


18 


- 72.2 


18 


22 


82. 


Drj. 


2 


c 


12 


5 


-h 70.5 


18 


22 


82. 


Good. 


3 


. 


6 





+100. 


6.6 


8 


81. 


Good. 


4 


. 


6 


1 


+ 85.7 


17 


21 


81. 


Good. 


6 


. 


5 


2 


+ 71.4 


24 


80 


80. 


Good. 


6 


. 


7 


1 


+ 87.5 


11 


15 


78. 


Good. 


7 


a 





4 


-100. 


26 


40 


65. 


1 


7 


b 


9 


6 


+ 60. 


26 


40 


65. 


Rather dry. 


7 


c 


7 


3 


+ 70. 


26 


40 


65. 


Slow. 


7 


d 





2 


-100. 


26 


40 


65. 


Tail sUps. 


8 


a 


12 


6 


+ 66.6 


? 


? 


1 


Good. 


8 


b 


17 


1 


+ 94.4 


a 


t 


? 


Good. 


9 


. . 





6 


-loa 


21 


38 


68.6 


Tail slips. 


10 


. . 


2 


8 


-80. 


20 


32 


62. 


Mucus watery. 


11 


, . 


14 


3 


+ 82.3 


21 


34 


61.8 


Good. 


12 


. , 


6 





+100. 


27 


44 


61. 


Good. 


13 


a 


5 


12 


- 70.6 


17 


25 


61. 


Active. 


13 


b 


3 


8 


-72.7 


17 


25 


61. 


. Active. 


14 




' 9 


3 


+ 75. 


20 


88 


60.5 


Good. 


16 






1 


8 


-88.8 


24 


40 


60. 


Fair. 


16 









10 


-100. 


28 


50 


66. 


Good. 


17 






6 


14 


- 70. 


30 


55 


54.6 


Good. 


18 






8 


3 


+ 72.7 


80 


66 


53.6 


Extrem'ly sticky. 


19 









8 


-100. 


23 


43 


58.5 


Fair. 


20 






1 


5 


-83.3 


17 


32 


53. 


Good. 


21 






4 


12 


- 75. 


21 


40 


52.5 


Good. 


22 


a 


7 


8 


- 63.3 


41 


79 


62. 


Sticky. 


22 


b 


8 


5 


+ 61.5 


41 


79 


62. 


Very sticky. 


23 


a 


6 


9 


-64.2 


18 


36 


60. 


Good. 


23 


b 


6 


10 


- 62.5 


18 


36 


50. 


Good. 


23 


c 





5 


-100. 


18 


36 


50. 


Good. 


23 


d 





4 


-100. 


18 


36 


50. 


Good. 


24 


a 


8 


15 


-88.3 


27 


54 


50. 


Good. 


24 


b 


3 


14 


- 82.3 


27 


54 


50. 


Good. 


24 


c 


2 


19 


- 90.6 


27 


54 


50. 


Good. 


24 


d 


4 


19 


- 82.6 


27 


54 


50. 


Good. 


24 


e 


3 


14 


- 82.8 


27 


54 


50. 


Good. 


25 


a 


7 


17 


- 70.8 


21 


44 


48.8 


Good. 


25 


b 


4 


14 


- 77.7 


21 


44 


48.8 


Good. 


25 


c 





12 


-100. 


21 


44 


48.8 


Dry. 


26 


. . 


8 


15 


- 83.3 


1 


-i 


45. 


Good. 


27 


a 





14 


-100. 


32 


71 


45. 


Good. 


27 


b 


1 


5 


- 88.8 


82 


71 


46. 


Good. 
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cents. The table inclades those animals which were fairly active io 
response bat does not give individuals obviously unable to respond 
because of a lack of slime secretion. The positively geotacdc animals, 
with two exceptions, are all found in the upper half of the table and 
almost all the negative animals in the lower hal£ Supposing other 
conditions the same, we can say that those animals in which the ratio 
of anterior to posterior regions is as 2 : 3, or greater, will be positively 
geotactic. Those between the ratios of 2:3 and 3 : 5 will be more 
uncertain in their geotaxb, which will depend largely on the combina- 
tion of other conditions. Finally, those in which the ratio is less than 
3 : 5 will almost invariably be negatively geotactic. The nearer one 
gets to the extremes, the greater the accuracy of prediction. This pre- 
diction, it is understood, applies only to animals tested on the glass plate. 

An examination of the ninth column shows that the few cases of nega- 
tive geotaxis occurring in the positive half of the table are probably due 
to a deficiency in the second most important &ctor affecting the geotaxis ; 
namely, the condition of the slime secretion of the animal. This 
secretion may be deficient either (I) in quantity, as in the case of slug 
2 b ; or (2) in quality, as was the case with slug 10. Of the two cases 
of positive geotaxis occurring in the negative half of the table, the first, 
that of slug 18, is easily explained as due to an extraordinary tenacity 
of the mucus. Moreover in this, and more markedly in the case of 
slug 22 b, the slugs were very large and rather slow in their movements. 
Slug 22 b, instead of moving ahead actively, like most slugs when in 
good condition, often swung its head toward the earth without any fore- 
ward movement, and hence did not give the pull of gravity the most 
favorable opportunity to work on the posterior region of its body. This 
connects itself with a general observation on all the animals. When 
active, they are usually very precise and uniform in their responses. 
If stupid, slow, and averse to movement, — a condition in which the 
best of them sometimes get, — they will either obstinately refuse to 
move, or else, keeping the posterior region firmly fixed, will swing the 
head end toward the earth. Sometimes such a slug will slowly move 
in a circle, first down then up, and finally curl itself up, like a dog by 
the fireplace, and apparently go to sleep. This peculiarity may be 
connected with the food conditions of the animals, as will be shown in 
a set of experiments to be given later on. 

The two most important factors in determining the geotaxis of indi- 
vidual slugs are, therefore : first, the proportion of the anterior (mantie- 
covered) and posterior (uncovered) regions of the body ; secondly, the 
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character of the slime secretion of the animal. If accurate measare- 
ments were made of the two regions of the body, we might obtain ex- 
actly the relative weights of these two factors. By means of a spring 
balance, the effectiveness of the macas in counteracting gravity could be 
ascertained with a fair degree of accuracy. A large number of such 
observations in connection with geotactic tests might, finally, enable us 
to state precisely what combination of the two factors — weight of 
regions and strength of mucus — would be necessary to make an 
animal positively or negatively geotactic I have made no such calcu- 
lations, and it would perhaps not be worth the trouble. The suggestion 
is instructive, however, as indicating the possibilities of predicting, with 
a certain degree of exactness, a phenomenon which seems at first sight 
to be entirely haphazard. Perhaps perfect mathematical exactness 
would, however, never be possible in this case, for, as I shall show a 
little later, other fcictors of importance probably enter in to modify 
the results. However, these too are not out of the reach of precise 
definition. 

Certain slugs are negatively geotactic because gravity pulls the pos- 
terior region of the body down faster than it does the anterior region. 
Since in all slugs the posterior region somewhat exceeds in length the 
anterior, we should expect all animals to respond in the same way, pro- 
vided gravity acted in only a mechanical way. But about the same 
number of slugs go down as go up. Therefore, there must be some 
other factor, such as an inherent tendency, impelling these positive 
slugs to seek the earth. But if so, is it not probable that all slugs 
have this inherent tendency to move towards the earth, the tendency 
being obscured in the negative slug by the superior force of the me- 
chanical difficulties to be overcome ? The fact that positive slugs, 
when deficient in means of resisting the pull of gravity, — that is, when 
dry, — assume a negative geotaxis, shows that the inherent tendency t^ 
sometimes obscured. If this hypothesis is true, then we ought to be 
able, by diminishing the force of gravity, or better, by increasing the 
animal's powers of resisting the disproportionate pull on the posterior 
region, to make the negative animals become positive. Similarly, if 
this mechanical difficulty of adhesion is the cause of negative geotaxis, 
we ought, by increasing it, to be able to compel positive animals to be- 
come negative. The first end may be attained by substituting for the 
glass plate a wooden one, which will presumably offer the animal a 
better chance of adhesion. The second end may be reached by substi- 
tuting for the glass plate one which has been coated with vaseline or 
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a similar sabstaDoe. Both ends may also be attained^ to a certain extent, 
by increasing or decreasing the angle of inclination of the plate. An 
examination of the tables given by Davenport and Perkins ('97, p. 103) 
shows that the largest average number of negative responses occmred 
when the glass plate was vertical; that is, when the mechanical diffi- 
culties were greatest. There is a gradual decrease in this average 
(and a corresponding increase in the average number of positive re- 
sponses), as the angles of inclination of the plate with the horizon were 
diminished from 90"" to 60"", 45"^, and 30'' successively. At the sUll 
smaller inclinations of 22^°, 15^, 7°, and O'' (t.^., horizontal), however, 
there b on the whole an uicrecue in the average number of negative 
responses, though this is quite irregular. Since the proportion of anterior 
to posterior region of the animals experimented on is not known, we 
cannot tell how far this £Etctor may have been the cause of this irregti- 
larity in the sense of the response. 

I have made a few experiments by varying for the same individual the 
angle of inclination of the plate. The animals were all in good condi- 
tion throughout the experiments. The resnlts — given in Table V. — 
show a decided increase in negative geotaxis with increase in the angle 
of inclination. 

TABLE V. 

Pes Gent of Gbotaxis at Different Anolbs of Ikolinatioh of ths 

Support. 



AninuJ 
No. 


AnglAof 


Number of Trlali. 


%GeoUxiB. 


Condition 
of AnimaL 


+ 


- 


1 


450 


8 


2 


+ 80. 


Good. 


1 


9(P 





14 


-100. 


Good. 


2 


450 


7 


1 


+ 87.6 


Good. 


2 


70<^ 


8 


8 


4- 72.7 


Good. 


8 


46° 


2 


8 


-80. 


Good. 


8 


90O 





10 


-100. 


Good. 



The most striking case is the complete reversal of geotaxis, seen in the 
first animal experimented on. 
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Still more conclusive results were obtained by the substitution of wood 
or vaselined glass surfaces for the clean glass plate. In order to make 
sure that the animal's power to hold on varied with different surfaces, 
and to determine approximately the relative strength of the adhesion, Dr. 
Davenport suggested the use of a delicate spring balance, such as are used 
in weighing letters. The animal was placed on a horizontal glass plate. 
When it had oriented itself^ and was moving forward, the pan of a letter 
balance was held against the side of the animal and gradually increased 
pressure exerted until the animal was made to slip along the plate. The 
maximum reading (in ounces) on the indicator was noted. Then the same 
animal was placed on a wooden plate and a similar test made under 
like conditions of movement and activity. The same was done on the 
vaselined plate. A number of such tests were made on each individual. 
In order to avoid possible differences in results due to a gradual de- 
terioration in the condition of the animal, the sequence of the surfaces 
was varied in the successive sets (three) of trials so that each surface was 
once employed for the first experiment of a set. This method proved 
fairly satisfactory and gave in some instances very striking results. 

TABLE VI. 

AuoiTKT OF Pressure reqdirbd to dislodge the Slug from Different 
Horizontal Surfaces. 



Animal No. 


Wood. 


OlMS. 


VueUned OIabs. 


1 


1.8 ounces 


1.6 ounces 


.28 ounces 


2 


1.25 ounces 


.67 ounces 


.34 ounces 


3 


3.16 ounces 


2.16 ounces 


1.56 ounces 


4 


4.33 ounces 


2.56 ounces 


1.66 ounces 


5 


8. ounces 


1.16 ounces 


.50 ounces 


6 


6.7 ounces 


3.50 ounces 


1.62 ounces 



The results recorded for each individual are the averages of three 
trials on each of the surfaces used. Tlie table shows a considerable differ- 
ence in the degree of adhesion to the different surfaces. In the last four 
cases the animals were all very large. They were in excellent condition, 
having just been captured, and secreted a sticky slime in large quantities. 
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Afler being on the vaselined surface, there was a noticeable decrease in 
the power to hold on to the glass or wood, due probably to the vaseline 
which still adhered to the animal. Regarding these cases as typical of all 
slugs, we can say that the wooden surface affords a condition nearly 
twice as favorable as that of the glass plate for the exhibition of an inter- 
nal tendency. The vaselined surface, on the contrary, is only about half 
as favorable as the glass plate ; that is, it doubles the obstacles. As a 
general rule, owing to the irregularities of other influences, the differ- 
ence between the different surfaces would be, probably, somewhat less. 
For active, well-conditioned animals, however, we have no hesitation 
in concluding that the ratios obtained from these cases are fairly 
representative. 

Having thus established the fact that the character of the surface does 
modify the animal's power to attach itself, I next give a table (VII.) 
showing the results of a series of experiments on twelve different individ- 

TABLE VII. 
Geotaxis of thb Slug on Different Surfaces. 



Animal 
No. 


Ratio of 
Anterior to 
Posterior 
Parte in %. 




Wooden Plate. 


Glass Plate. 


Vaselined Glass Piste. | 


No. of TrialB. 


Oeotaxifl. 


No. of Trials. 


% 
Oeotazis. 


No. of Trials. 


% 
Geotaxit. 


+ 


- 


+ 


- 


+ 


- 


1 


61. 


9 


8 


+ 63. 





6 


-100. 





6 


-100. 


2 


1 


6 





+100. 


6 


6 


+ 64.6 





9 


-100. 


3 


62. 


6 





+100. 


1 


3 


- 76. 





6 


-100. 


4 


47. 


7 





+100. 


1 


8 


- 88.8 





BUps 





6 


76. 


6 


2 


+ 71.4 


6 


1 


+ 88.8 


1 


3 


-75. 


6 


60. 


7 


8 


+ 70. 


2 


8 


- 80. 





slips 





7 


66.6 


9 


1 


+ 90. 


1 


9 


-90. 





sUps 





8 


83.3 


6 





+100. 


10 





+100. 


4 


6 


-60. 


9 


66. 


9 


1 


+ 90. 





10 


-100. 











10 


61. 


6 


1 


+ 83.8 


6 


1 


+ 83.8 


1 


6 


-88.3 


11 


68. 


8 





+100. 


1 


6 


- 83.3 





Blips 





12 


63.6 


6 





+100. 


7 


2 


+ 77.7 


2 


slips 
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uals. The geotaxis of each animal was tested on three different sur- 
faces, — the glass plate, a circular wooden plate, and a glass plate coated 
with vaseline. Care was taken to have other conditions as nearly as possi- 
ble the same. Circular plates were employed so that the animal could be 
rotated into a horizontal position without being touched by the hand. In 
several cases a series was made on an animal using the glass surface ; 
the animal was then transferred to a wooden plate and the same number 
of trials made ; the same individual was then put back on the glass plate 
and as many more tests were made ; finally, it was returned to the wooden 
plate and an equal number of observations made. The same thing was 
tried alternating between glass and vaselined surfaces. 

The second column shows what per cent of the length of the posterior 
region of the animaFs body its anterior region is, as previously defined. 
A comparison of the columns " % Geotaxis '' under the different con- 
ditions at once shows, in nearly every case, a marked difference in the 
geotactic response with the three kinds of surfaces. The same number 
of trials was not always made on a given animal under the different con- 
ditions, so that the comparisons are not always on exactly the same basis. 
The results, however, prove pretty conclusively that all animals have an 
inherent tendency to move toward the earth. On the glass plate, the 
animals moving upward and downward are about equal in number, the 
reasons for which we have already given. On the wooden plate, which 
affords the best of the three surfaces for adhesion, all the animals have 
become positive. A vaselined surface offers still greater difficulties to 
positively geotactic responses ; it compels the positively geotactic animals 
to become negative (Nos. 2,5, 8, 10). Some animals are utterly unable 
to adjust themselves to this extraordinary condition, especially if not en- 
dowed with the power of secreting excellent mucus. These animals either 
vainly cling with the anterior end of the body to the plate, while the poste- 
rior region slips downward, thus directing the animal up, or they roll off the 
plate altogether as soon as it is placed in an inclined position. For this 
reason some of the animals negatively geotactic on the glass plate gave 
no geotactic response when they were placed on the vaselined surface. 
These facts, then, conclusively answer in the affirmative our second ques- 
tion. All slugs have a tendency to move toward the earth. 

Now the question naturally comes up, Can we not assist this tendency 
in those animals which are negatively geotactic on a glass surface by 
bringing some other stimulus — light, for example — to bear upon them ? 
This slug is negatively phototactic to strong light, as the third part of 
this investigation will show. By exposing the animals to strong light, can 
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we not make the desire for darkness cooperate with the inherent positire 
geotactic tendency to such an extent that the two together will oyer- 
come all mechanical difficnlties and cause the animal to move downward ? 
The following table (VIII.) answers this question in the afSrmatiye. 

TABLE Vin. 

Gbotaxis of Slug on Glass Plate at an Angle of 46^ influenced (1) bt 
Grayitt alone, and (2) bt Grayitt and Stbono Light. 



Animal 

No. 


Size. 


QnTily aloiM. 


Oraritr -)- Iii1Iimdc« of Strmg Lig^i. 1 


No. of Trialfl. 


%C»60Uxifc 


No. of Trials. 


%0«otudi. 


+ 


- 


+ 


- 


1 

2 
8 
4 
6 
6 


Big 
Big 
Big 
Big 
Medium 
Small 





1 


3 



17 
14 
7 
5 
9 
5 


-100. 
-100. 

- 87.6 
-100. 

- 76. 
-100. 


8 
7 
2 
2 
4 



8 
6 
2 
4 

4 
6 


+ 60. 
+ 68.3 
±60. 
+ 666 
±60. 
-100. 



These experiments were carried on in the evening. The animal was 
first tested on a glass plate at an angle of 45^ in the dark, in the ordmaiy 
way. Then it was placed on a horizontal glass plate and strong lamp 
light thrown directly upon it for a few seconds. In most cases it imme- 
diately gave a negative response to the light When definitely oriented, 
the plate was again placed in the hox at an angle of 45^ and the box 
covered with a black doth. Two or three geotactic observations were 
then taken^ and the animal again exposed to strong light The expo- 
sure to light was repeated about three times in the course of ten observa- 
tions. The table shows that the influence of light has been to change a 
condition of strong negative geotaxis to one of indifference. The only 
exception is No. 6, which seemed little affected by the light. I hope to 
make a fuller study of the combined action of light and gravity later. 

It has been said that all slugs have an innate tendency to move toward 
the earth. Now, this tendency is probably due to the environment and 
habits of the animal. The slug, we know, is nocturnal in its habits. In 
the nighttime, it is actively moving about in search of food. In the day- 
time, it is inactive and seeks concealment, which is of coarse accom- 
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plbbed by moving toward the earth. In hunting for food, it must 
naturally do some climbing. These £Etcts lead us to expect a possible 
difference between the geotactic response of the nighttime and that of 
the daytime. My experiments in this matter, however, gave inconclusive 
results. Bat the animals experimented on were not in their normal en- 
vironment. There was no light and little change in temperature to assist 
the instinct, if it exists, in divining night from day. Moreover they did 
not have to seek food, for it was constantly supplied them. Such being 
the case, the instinct of concealment would be the main environmental 
influence on the animal, and this impels it toward the earth. 

These experiments have shown, then, that when the mechanical con- 
ditions are favorable, most animals exhibit a positive geotaxis. This is 
as we should expect. There were, however, a few exceptions. A few 
animals went up when all the factors enumerated seemed to point to the 
probability of a downward movement, and there were also a few animals 
which went down when the mechanical difficulties were such as should 
have impelled them upward. As previously noted, the upward-moving 
animals sometimes displayed an unusual amount of activity, and the ex- 
ceptional cases of positive geotaxis in the negative group were those of 
animals usually slow and stupid. As the effort was constantly made to 
select only fairly active animals in good condition for producing mucus, 
there were not many of these exceptions. Knowing the habits of the 
animal, we may naturally associate its activity with its food condition. 

The question then comes up. Does the state of the animal's nutrition 
affect its tendency to move toward the earth ? Does a poorly nourished 
animal respond to the stimulus of gravity differently from a well-nour- 
ished individual ? To get an answer to this question, four animals were 
put into a small box which contained nothing but moist earth. The slugs 
were kept there for three days, and a series of geotactic tests was then 
made upon them. Two of the four individuals were inactive, and so un- 
satisfactory in response that no series was obtained. The other two were 
rather restless, but precise in response. All the animals were then 
returned to the box and supplied with fresh cabbage leaves. The next 
morning another series of geotactic stimuli was given. The rather 
meagre results given in Table IX. are perhaps not worth very much, since 
only one individual (No. 1) out of the four responded well in both cases. 

The ratios given in the second column (Table IX ) indicate that 
slugs Nos. 1 and 2 belong with those of the positive half of Col. 8^ 
Table lY. I unfortunately neglected to control these experiments by 
observing the geotaxis before the animals were deprived of food. In 



Digitized by CjOOQ IC 



204 



PROCEEDINGS OP THE AMERICAN ACADEMY. 



TABLE IX. 
Comparison of Rbspokses of Indttiduals when poorlt nourished ajtd 

WHElf WELL nourished. 



Animal 
No. 


ProportioDate 

Bado of Anterior 

to Posterior 

Region. 


Poorly nouriflhed. 


WeU nonriahed. 


No. of Trials. 


%Geotaxl8. 


No.ofTriala. 


^Geotazls. 


+ 


- 


+ 


- 


1 
2 
8 


70. 
60. 
66. 


3 

1 



9 
8 



-75. 

-88.8 




7 

4 

12 


2 

1 
6 


+77.7 

+80. 

+66.6 



both instances (Nos. 1 and 2) the animals were rather dry, and they 
were not noticeably different in this respect after being well fed. No. 2 
was less active and less precise in response after it had had plenty of 
food. I think these experiments too few to warrant laying much stress 
upon them, but I have given them here because they at least point in the 
direction of what we might reasonably expect, since the natural desire of 
the animal to escape from its narrow prison and the impulse to seek 
food would both tend to make it go up, If given the opportunity. 

Another element which may alter the slug's inherent geotaxis is 
probably the state of fear. This element may be combined with the 
impulse to seek food, as is perhaps the case in the instances just given, or 
it may operate by itself. Animals which had just been captured were al- 
ways kept in a small tin box. The captured animals would thrust them- 
selves between the box and lid, which was not perfectly tight, in their 
endeavors to escape, and they had to be frequently pushed back. When 
they were transferred to the large box mentioned at page 187, it was 
always found that they had all collected in the upper part of the smaller 
box. This may have been solely for the purpose of getting air, but such 
animals put on a glass plate were exceedingly active and restless, and 
usually exhibited a decided negative geotaxis. I have not made any care- 
ful set of experiments to find out whether these negatively geotactic 
animals afterwards became positive. In one instance, I confined over 
night in a small fiower-jar a slug (not a freshly captured one) which had 
shown a very decided positive geotaxis. In the morning it was found at 
the top of the jar, and, when placed on a glass plate, showed great activ- 
ity, as though it sought to escape. In every one of the tests which I 
then made, it responded negatively. From these few observations, it 
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would seem that fear, by impelllDg the animal to escape from captivity, 
may alter its geotatic response. Such freshly captured slugs, moreover, 
which seem unusually restless and excited, respond more capriciously 
to the stimulation of light, as some later experiments will show. 

SUMMABT OP PaBT II. 

The results of the foregoing experiments warrant the following con- 
clusions : — 

1. On an inclined glass plate ^ all slugs give a geotactic response. 

2. Certain slugs give a decided positive, others a markedly negative 
geotactic response ; a few are somewhat indifferent. 

3. The geotaxis of animals kept in confinement does not vary much 
on different days, nor at different times on the same day. 

4. The occasional vagaries in the responses of individual animals are 
to some extent due to thigmotactic and phototactic influences. 

5. The different geotactic response, on a glass plaUj of different indi- 
viduals is due mainly to two factors : (a) The quantity and quality of the 
slime secreted, which is a very important factor ; (b) the relative pro- 
portions of the length of the anterior and the posterior* regions of the 
animal's body. All the conditions being the same, it is this factor 
which " determines whether the head end will be directed up or down.'* 

6. If the ratio of length of anterior to posterior region of body is 2 : 3, 
or more, and the mucus is of good quality and sufficient quantity, the 
slug will be positively geotactic. 

7. If the ratio is 3 : 5, or less, the animal will usually migrate upward, 
and the nearer the ratio approaches 1 : 2 the more apt is the slug to 
respond negatively. 

8. In a small number of individuals, in which the ratio lies between 
2 : 3 and 3 : 5, the response will depend largely on the condition of the 
mucus and cooperation of other factors. 

9. All slugs have a natural tendency to move towards the earth. 
This tendency is masked in the animals which are negatively geotactic 
on a glass plate by the greater pull of gravity on the disproportionately 
larger and heavier posterior region of the animal. 

10. The general downward tendency may vary normally at different 
times of the day, owing to the animal's habit of remaining in concealment 
in the daytime and feeding at night. 
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III. Phototaxis. 

The iDflueoce of light on the direction of locomotion has been very 
generally noticed among organifims, even the mostly widely separated. 
The swarm spores of many algae, desmids, and other lowly organized 
plants, are as truly responsive to light stimuli as are crustaceans or verte- 
brates. According to the character and direction of the stimulating 
light rays, two kinds of light responses have been distinguished. Photo- 
taxis is the response with reference to the direction of the rays of light 
The organism moves in the path of the ray, either positively (toward) 
or negatively (away from it). The response to different intermties of light 
from which the directive force of the rays has been eliminated is known 
as photopathy. A photopathic animal is one that selects, out of a series 
of uniformly increasing intensities of light, a limited field of a certain 
intensity. 

Some animals, like butterflies and fresh-water Entomostraca, are 
strikingly positively phototactic to diflnse daylight ; others, such as the 
earthworm and the leech, are as pronouncedly negative. The kind of re- 
sponse (positive or negative) may be different in closely allied forms and 
in different stages of development of the same species. For example, 
butterflies are attracted by strong sunlight, while moths are repelled 
by it. The adult house fly is positively phototactic to daylight; its 
larva, negatively (Loeb, '90, pp. 69-77, 81-83). 

The phototactic sense has been shown in some forms to change with 
different intensities of light. Thus, Famintzin ('67) found that swarm 
spores positively phototactic to a certain intensity of light became 
negative to a light of greater intensity. The same phenomenon has 
been found true of various flagellates, desmids, diatoms, oscillariae, etc. 
Wilson ('91, p. 414) found that Hydra fusca was attracted by diffuse 
daylight and repelled by strong sunlight. Finally, the moth's liking 
for candlelight and aversion to daylight is well known. The fact 
that many organisms are photopathic — that is, have a preference 
for light of a certain intensity — makes it probable, in connection with 
these observed variations in phototactic responses, that, for most organ- 
isms, there is an optimum intensity to which they will respond posi- 
tively. This optimum will vary widely in different species, probably 
according to the habits and the usual environment of the species. In- 
habitants of sunny pools or the open air will have an optimum of rela- 
tively high intensity ; those which dwell in the ground or in shady places 
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will have a correspondingly lower optimom. May it not be that every 
organism will respond positively to a certain range of light intensities and 
negatively to another range of intensities which is greater ? The nature 
of the phototaxis may sometimes be gradually changed by organisms 
becoming acclimated to new conditions. Verwom ('89, pp. 47-49) found 
that a culture of the diatom Navicula brevis, which ordinarily is negatively 
phototactic to very weak light, became positively phototactic when reared 
for several weeks near a window. Groom und Loeb ('90, pp. 166-167) 
found that young Nauplius larvae of Balanus which were at first positively 
phototactic to daylight became negatively phototactic later in the day, 
probably as the result of the accumulated effects of this exposure. 

The character of the light responses, as was the case with geotaxis, 
depends also to a certain extent on other external conditions, such as 
those of temperature, the states of density and pressure, and various 
chemical influences. Polygordius larvae, when gradually cooled from 
16.5^ C. to 6° C, were found by Loeb ('93, pp. 90-96), to change from 
a negative to a positive phototaxis. Like results were obtained by him 
from Copepoda. When the temperature was raised from 6° C. to 16° C, 
the animals again became negative. Increasing the density of sea-water 
by the addition of sodium chloride produced a change from a negative to 
a positive response, thus acting like diminished temperature. Engelmann 
('82, pp. 891-392) showed the apparent phototactic response of chlor- 
ophyllaceous ciliates to be really a chemotactic attraction for oxygen, 
which chlorophyll can produce only in the light. These facts make it 
important in any study of light response to consider other possible influ- 
ences, and above all to take account of the strength of the stimuli used. 

Davenport and Perkins ('97) found that the slug (Limax maximus) 
responded with marked precision to the varying stimuli of gravity at 
different angles of inclination of the glass plate. The precision of re- 
sponse varied correlatively with the force of gravity. In fact, the paral- 
lelism was almost perfect. The question naturally rises, Is there a 
similar parallelism between other stimuli and their responses? 

A very little experimentation shows that the slug is extremely sensi- 
tive to light. We have already seen how light may enter in to modify 
the action of gravity. Casual observation shows that the response is in 
most cases negative, — the animal moves away from the source of 
light. Owing to its method of locomotion, the slug is easily experi- 
mented on. It moves slowly and deliberately. In regard to its responses 
to light, the following questions suggest themselves : (1) Are all indi- 
viduals negatively phototactic to artificial light ? (2) Does the precision 
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of response vary correlatively with the intensity? (3) Within what 
limits of intensity is the animal responsive? (4) Does the kind of 
response vary at different intensities ? (5) Is there a difference in the 
sensitiveness to light of the two sides of the animal's body ? (6) In what 
part, or parts, of the animal's body does the sensitiveness reside? (7) 
How does the animal move when in the dark and deprived of all stimu- 
lating influences ? These various problems came up gradually as the 
work progressed and were considered in turn. Other interesting studies 
have suggested themselves in the course of the investigation, but there 
has not been time to go much beyond a consideration of the questions 
above proposed. The experiments performed were all phototactic ; that 
is, they were studies of the response of the slug to the direct rays of 
light. 

Methodt. — The methods used were simple. For light, the standard 
candle and the ordinary small Christmas candle, of a one fourth candle 
power, were employed. The candle was placed in a box 50 cm. (20 
inches) high and having a bottom 12.5 cm. (5 inches) wide and 20 cm. 
(8 inches) long. It could be raised or lowered to any desired position by 
means of an adjustable stage inside the box. A circular opening in the 
middle of one of the broad sides of the box 2 cm. {% inches) in diameter 
permitted the light to pass out This opening was covered by a piece of 
oiled paper, so as to give a well-defined uniform source of light During 
the experiment the box was closed by a lid. The intensity of the light 
was varied by altering the distance between the box and the animal. 
Additional thicknesses of paraffined paper were also employed when it 
was desired to greatly diminish the intensity of the light. The animal 
was put on a circular glass plate which rested horizontally on a support, 
and the box was raised so that the centre of the light opening was in the 
same horizontal plane as the body of the animal. The movement of the 
slug from its original position was measured in degrees in the following 
manner. A circle of the same size as the glass plate was described on a 
sheet of thin paper and divided by radii into 72 sectors of 5® each. This 
sheet was pasted to the under side of a second circular glass plate (of the 
same size as the first), on which also a heavy base line was drawn, corre- 
sponding with a diameter of the circle. This second plate was so placed chat 
the centre of the source of light was on a line perpendicular to the base 
line at its middle point The slug was put on the first glass plate, which 
could be rotated so as to bring the animal into any desired position with 
reference to the base line. The experiments were carried on in a dai^ 
room provided at one end with a hinged window which could be easily 
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and quickly thrown open. The window was covered with a thick, black 
cloth, so that, when closed, external light was almost completely shut off. 
Unfortunately, it was impossible, owiug to the position and nature of the 
room used, entirely to equalize all conditions. The temperature was not 
the same from day to day and varied somewhat in different parts of the 
room. Generally, it was so hot and close that it was necessary to leave 
an opening between the sashes, and this of course created a slight draft 
and produced irregularities of temperature. No account was taken of 
the varying humidity of the atmosphere, a £Etctor which may have some- 
what influenced the animal's locomotion. Moreover, as the room was 
not perfectly light-tight, there were feeble light stimuli in addition to the 
artificial ones used. However, all these imperfections were but slight, 
and, since they entered more or less into all the experiments, could not 
greatly alter the relation between the results, which was the main thing 
sought in the investigation. Other unestiraated possible influences were 
the nutrition of the animal and such slight thigmotactic stimuli as could 
not well be avoided. 

The strength of the different intensities of light used was measured by 
moving a piece of paper, the centre of which was oiled, between a light 
of known intensity and the light whose intensity it was desired to know, 
until the oiled spot on the paper was not distinguishable from the rest of 
the paper. The distance from this point to each source of light was then 
measured. Since the intensity varies inversely as the square of the dis- 
tances, it is an easy matter to calculate the relative strengths. This 
method is accurate enough for all ordinary purposes. 

Operations and ResitUs. — In beginning any experiment, the slug, as 
soon as it bad definitely oriented itself, was rotated into such a position 
that the axis of its body coincided with the base line, and its head was at 
the centre of the disk. The window was then immediately closed and 
the time noted. At the expiration of 45 seconds, the window was thrown 
open and the animal's position instantly noted. The extent of positive 
or negative migration was at first ascertained by finding the length of the 
arc stretching from the base line to the radius which was parallel with 
the axis of the slug*s body. Any movement into the half of the circle 
toward the source of light was called positive ; any movement into the 
other half, negative. It would occasionally happen that an animal would 
at first move into the positive half of the circle and then turn away from 
the light. In this case the axis of orientation made a negative angle 
with the base line, although the animal itself lay in the positive half of 
the circle. Later, in the course of the experiments, the positive or 
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negative movement of the animal was measured by taking the radios 
which passed midway between the two tentacles, without regard to the 
position of the body axis. A comparison of the two methods showed bat 
little difference in the results. The animals onlj occasionally made these 
irregular responses, first in a plus and then a minus direction. As a mle, 
the migration was unequivocal after the head end had oriented itself to 
the stimulus. Experiments were made with 18 different intensities of 
light, each constituting a '' series." Six successive observations were 
made on each individual (3 with the right side exposed ; 3 with the left), 
and from 8 to 14 animals were employed in each ''series*" t.^., at each 
intensity of light, making a total of from 48 to 84 observations at each 
candle power used. A summary of the results for each of 18 such 
<* series " is given in Table X. 

The first column gives the number of the series; the second, Uie 
intensities of light. This intensity is expressed in terms of the standard 
candle power at a distance of one meter. The next column (3) shows 
the total positive migration of the (8 to 14) animals experimented with. 
(Column 4 similarly gives the total negative migration. Column 5 repre- 
sents the average arithmetical angular deviation from the original posi- 
tion due to phototactic stimuli, effected in a period of 45 seconds by all 
the slugs, without regard to the positive or negative character of the 
individual phototaxis. This average was obtained by adding together the 
average phototactic responses (whether plus or minus) of each indicxdxud 
of the series and dividing the result by the number of animals. The 
average plus or minus phototactic response (algebraic average) for each 
series (column 6) was obtained by getting the difference between the 
sums of all the plus and all the minus movements of each terie* and 
dividing this difference by the number of tests (observations) made. 
Column 7 gives the number of positively phototactic animals in each 
series ; column 8, the number of negative animab ; column 9, the nam- 
ber of indifferent animals ; and column 10, the total number of indirid- 
uals employed in each series. The sequence of the series is not the 
same as that of the experiments, but is based on gradually diminishing 
light intensities. I did not determine the possible infiuence of the heat 
of the candle for each of the series, but in one series of experiments in 
the dark (186), a candle, covered (to shut out the light) with an opaque 
paper of the same thickness as the paraffined paper, was left burning at 
a distance of 80 cm. (intensity .676 C. P.). 

A casual glance at the table at once answers the first of the questions 
proposed in the statement of the problems (pp. 207-208). All slugs are 
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not Degativelj phototactic At the strongest intensity of light ased, two 
animals exhibited a positive phototaxis, — thej moved toward the stimu- 



TABLE X 
Responses of the Slug to Light. 
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8 
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Intensitrof 
Light. 
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Sum. 
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__ 
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.676 
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lating light rays. Here, then, arises another problem, similar to the 
one treated of in the first part of this paper, viz., What determines 
whether a particular sing shall be positively or negatively phototacdc ? 
In the first series of experiments — in fact throughout this whole set — 
the animals used were about equally divided between large, small, and 
medium-sized individuals. The two positive animals in series 1 were both 
of large size. They were very active. The only peculiarity wherein 
they seemed to differ from other individuals was in the unusually 
sticky character of the slime. Whether there is any correlation between 
this fact and the liking for strong light, I am not prepared to say. It 
is possible — and certain observations seem to indicate that it b highly 
probable — that the food conditions of the animals have some influence 
on their responses to light, as they were shown to have on their responses 
to gravity. The psychic state of the animal is also to some extent, I 
think, a factor. Freshly caught slugs when put on a glass plate some- 
times acted as if in great fear. They displayed unusual activity and 
were very erratic in their movements. If forcibly checked or held, 
they made strenuous efforts to escape. The great activity of the posi- 
tive individuals indicates a possible state of fear. One animal in par- 
ticular seemed highly abnormal. Several times it moved directly toward 
the circular field of light and even placed its tentacles against the oiled 
paper which covered the opening. This was the only individual in the 
whole course of the experiments which exhibited a response like that of 
moths. No definite set of experiments was planned or carried out in 
regard to this matter. 

As we run down column 5, we see that the average arithmedcal 
response varies quite strikingly at the different intensities. The first 
seven series show a gradual decrease in the average response as the 
strength of the light is diminished. Although not so regular, there is 
also a gradual decrease in the degree of negative response on the part 
of these seven groups of animals, as shown by the average algebraic sums 
of their responses (column 6). 

Owing to the constant dying off and deterioration of the stock, it was 
found impossible to use the same set of animals in all the different series 
of experiments. Moreover, this was not desirable, for the reason that 
an animal which is constantly experimented on gradually loses its sensi- 
tiveness, and thus its responses become untrustworthy. Not knowing 
the factors which determine the kind of phototaxis, it was of course 
impossible to make a uniform selection in this respect We see, how- 
ever, that the number of negative animals (column 8) is less at the 
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weaker intensities than at the stronger. When we come to series 8 of 
the table, we meet with a new condition of affairs. Instead of a still 
farther decrease in the amount of deviation, there is a sudden slight in- 
crease, from 9.1° to 13°, and a reversal in phototaxis for the series from 
an average response of —6° to + 1.4°. The number of positive indi- 
viduals has increased from 3 to 7. It was because of this striking 
change that it was thought best to repeat this series and the three suc- 
ceeding ones on another set of animals. The absolute positive or nega- 
tive migration was this time taken without regard to the position of the 
bodj axis. Series 7a, 8a, 9a, and 10a are hence taken at the same 
intensities as 7, 8, 9, and 10 respectively. These repeated series indi- 
cate as strongly as the first set that an intensity of .001,69 C. P. very 
nearly marks the lower limit of negative phototaxis in the slug. Some- 
where near a candle power of .000,754, lies an intensity which attracts 
about as many animals as it repels and in about the same degree. That 
is, the average phototaxis (algebraic sum) is zero. Below this intensity, 
there is more attraction than repulsion, and hence there is an average in- 
crease of migration toward the light. The table shows that the average 
positive response increases to some extent correlatively with the diminution 
of the light intensity, up to a certain point. This point, according to 
the results here obtained, is the intensity of .000,022 C. P., where 
the average movement toward the light, in a period of 45 seconds, was 
through an angle of 22.3°. As we go below this intensity, there is 
again a falling off in the strength of the positive response, which dimin- 
ishes, however, with a good deal of irregularity until absolute darkness 
is reached. These facts will become more apparent from the study of 
their graphic portrayal in the curve here given. 

The continuous line represents the curve as plotted from the results of 
Table X., column 6 ; the dotted line, the curve of responses as one may 
assume theoretically it would have been, could all of the conditions 
other than intensity of light have been equalized. The abscissae here 
represent the logarithms of the intensities of light + 10. Beginning 
with darkness on the left end, there is a constant inprease of intensity 
as we move toward the right. The sines of the angles of response are 
marked off* on the ordinates. Remembering that the left represents a 
region of weak intensity and the right a region of strong light, that all 
points above the line x x' are points of positive response and all points 
below it of negative response, we can understand the significance of 
the curve. In the region of strong light, the curve lies far below the 
line X x', but gradually rises toward and finally crosses it, as the light 



Digitized by CjOOQ IC 



214 



PBOCBEDINOS OF THE AMERICAN ACADEMY. 



CURVE OF RESPONSES TO LIGHT. 
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FlOURB 2. 

Curve of Responses to Light. Ahci'ssne are logarithms of light intensities pins 
10 ; ordinates are sines of angles of responses multiplied by 10. 
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diminishes in strength. Then there is a gradual increase in positive 
reaction, which reaches its height in a response of +22.^3 at a .000,022 
C. P., and then falls toward the zero line as we approach darkness. 
There is some irregnlaritj in the negative region, but on the whole the 
rise is gradual. In the region of positive response, there is a consider- 
able lack of regularity, especially marked by the interpolation of one 
series (12) of very low response between the two series of greatest 
response. These series intermediate between Nos. 11 and 16 represent 
later experiments than the two series bearing those numbers. Having 
obtained such a marked positive response at two widely separated in- 
tensities of light, it was thought desirable to get other intermediate 
series. Hence, the order of the series as arranged in the table, on the 
basis of gradually diminishing light intensities, does not, as already stated, 
represent the order in which the series were obtained in my experiments. 
While the slugs, thus far, had, on the whole, been in good active condi- 
tion, they were not so in these intermediate series. Although a fresh 
supply was obtained, all the animals seemed much more stupid and 
irresponsive than usual. Some of them refused to move, when put on 
a plate, and many of those that did, responded in a very half-hearted 
way. The cause of this unusual lack of activity, I could not discover. 
It may be that a slight change in the food of the animals, which I made 
at this time, was partly responsible. At any rate, instead of obtaining 
responses intermediate in amount between those of series 11 and 16 as 
might have been expected, the results were as have been given. Series 
12 was the last one taken. In this, the animals were noticeably more 
stupid and irresponsive than in any of the preceding experiments. It is 
yery evident from these results, I think, that the precision of response 
will vary to some slight extent from day to day. The negative responses — 
those to strong intensities of light — will not be as variable at different 
times as the positive responses — those to weaker stimuli — as the curve 
shows. The varying thermal conditions of the room, already mentioned, 
may have been in part a cause of this irregularity. Furthermore, an 
animal that has had plenty of food is likely to be stupid and slow in 
movement and is more apt than a hungry one to seek darkness and 
concealment On the other hand, a hungry, active slug will probably ex- 
hibit positive phototaxis in a most marked and sometimes abnormal degree, 
as was the case occasionally with the positive animals at the strongest 
light intensities. Besides this individual variation, there is, I think, a 
general variation for all slugs from time to time, for reasons imperfectly 
known, which will find its expression in curves of different heights. 
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Thus the less responsive animals of the intermediate but later series 
mentioned foil into a less prominent carye, as is indicated by the shorter 
dotted line in the diagram. The carve of positive response approaches, 
but never actually reaches, the zero line. Even in darkness there is a 
slight positive migration. This series (No. 18a) represents the average 
of two series of experiments, one of 54 and the other of 66 deter- 
minations, each taken at different times during the investigation. This 
slight positive response — speaking of it as positive with reference to the 
position of the source of light in the preceding series (17) — may be inde- 
pendent of conditions of light and due to several causes. As mentioned 
before, the thermal conditions of the room were not uniform, conse- 
quently the positive response may have been a response to heat The 
movement was away from the window and hence might be ex- 
plained as a negative response to the repeated inflowing of daylight, 
when the window was thrown open to make observations. In the last 
few experiments an opaque screen was put up between the animal and 
the window. In these cases the average of the responses was slightly 
negative, so there is some reason to suppose that it was in part the posi- 
tion of the window in the previous experiment that determined the slight 
positive migration. The actual phototactic responses to the candle light 
in the positive half of Table X. would then be the observed responses 
minus this small positive movement in the dark. The actual n^ative 
responses to the strong intensities would be the observed responses plus 
this increment. In series 185 the box was placed at a distance of 
30 cm. (C. P. 0.676) with the light burning, but the opening was cov- 
ered with a piece of black paper to shut out the influence of the light 
while leaving that of heat The small average response of —3.0 may 
possibly be regarded as a thermotactic one, and, if so, will have to be 
deducted from the negatively phototactic response to thb intensity of 
light. For intensities less than the 0.676 C. P., the response to the heat 
would be correspondingly less. 

We can now answer the second and fourth questions (pp. 207-208) by 
saying, — that the precision of the phototactic response does, on the 
whole, vary correlatively with the intensity of the light, and that the kind 
of phototaxis (positive or negative) is not the same for different intensi- 
ties of light. The slug gives a negative phototactic response to strong 
light, a positive one to weak intensities, and is neutral to an intensity 
somewhere between the extremes. 

A few individuals were tested successively at different light intensities 
in order to find out with what precision an individual's phototaxis might 
vary with a change of intensity. 
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TABLE XL 
Rbbponsss of l2n>iTn>nAL8 to DiFrBBBNT Imtbksitibh of Light. 



Animal No. 


Intensity. 


BfliponMu 


Intend^. 


RMponte. 


Inteniity. 


Betponse. 


1 
2 
3 


.882 C.P. 
.382 C.P. 
.882 C.P. 


-86.0 
-39.0 
-42.0 


.169 C.P. 
.169 C.P. 
.169 C. P. 


-84.0 

-14.6° 

-31.0 


.067 C.P. 
.067 C.P. 
.067 C. P. 


-27.06 

-lO.o 

-28.0 



In all these cases, there if seen to be a gradual dimiimtioD in the degree 
of response as the intensity of light diminishes. Again, from an animal 
which responded negatively to a certain intensity of light, a positive 
response could be got by weakening the light sufficiently (Nos. 2 and 3, 
Table XII.), and a positive animal could be made to give a negative 
response by using stronger light (No. 1, Table XII.), as the following 
instances show. 

TABLE Xn. 
Rbsponses of Inbitiduals to Diffbrbnt Intensities of Light. 



No. 


Intensity. 


BmfoaBt. 


Intensity. 


Response. 


Intensity. 


Response. 


Intensity. 


Response. 


1 


882 C.P. 


+41.0 


Strong 
Light 


— 22.0 










2 


676 C.P. 


-16.0 


0424 C.P. 


+36.0 










8 


169 C.P. 


-37.0 


^188C.P. 


- 2.06 


.0067 C.P. 


-82.0 


.0047 C.P. 


+86.<> 



No. 3, Table XII., shows a less regular response than any of the other 
animals. From a response of —37^ it drops to one of —2.5^, and, under 
the influence of a still lower intensity of light, it again rises to a marked 
negative response of --32.^ At a still lower intensity, it gives a striking 
positive response of +36^. Here, however, we have well illustrated in 
particular individuals the law laid down for all slugs, — that they are 
negatively phototactic to strong intensities of light, the precision of re- 
sponse varying correlatively with the intensity of the stimulus ; that to 
weak intensities they are positive; and that to a certain intermediate 
intensity they are neutral. 

A glance at the intensity column (Table X.) shows that the slugs are 
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responsive to a very wide range of intensities. They would probably 
continue to respond negatively to still stronger light, until the light 
became strong enough to kill the animal. They respond positively to a 
light (series 16) less than one three millionth part as intense as the 
strongest intensity experimented with. The response to the weakest 
intensity used (series 17) is less than the positive migration in the dark. 
Hence we cannot speak of this as a phototactic response. This attenua- 
tion of light was so weak that I could not be sure I saw it myself^ and 
had constantly to reassure myself by approaching it. The slug is evi- 
dently sensitive to a very minute degree of light 

Where does the slug's sensitiveness reside? The first and most 
natural answer is, that the eyes are the important organs. The matter 
was tested on five different individuals. The normal phototactic response 
was first taken with a .676 candle power. Then the dorsal tentacles, 
bearing the eyes, were snipped off with scissors and the animal again 
experimented on. The results are given in Table XIII. 

TABLE Xin. 
Eppect op Amputation op Tbntaclbs. 



Animal 
No. 


Nonnal Phototactic 
Response. 


Response after Amputation 
of Dorsal Tentacles. 


Ampntated. 


1 


-70.O 


-Ml.o 




2 


-26.0 


- 8.0 




3 


-4i.o 


-29.0 


+7.0 


4 


-63.0 


+16.0 




6 


-65.<^ 


+ 6.*» 





As soon as the operation was performed, the stumps were retracted, as 
the tentacles are when stimulated by touching, or by strong light. After 
a moment or two, the animal again rolled out the stumps and began 
moving forward in perfectly normal fashion, as though nothing had 
happened. The only observable difference was a perhaps slightly in- 
creased activity. This table (XIII.) shows a striking effect of the 
amputation on the phototactic response. In some cases^ the animal 
deviated but very little either positively or negatively from its original 
position, but kept on moving ahead in a straight line. In other cases, 
the amputation seemed to cause a change from a strongly negative to a 
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more or less positive response. In the case of animal No. 3, removal of 
the eyes did not seem to altogether prevent^ though it considerably 
reduced^ the negative response. Thereupon, the ventral tentacles were 
also amputated and the result then was a slight positive response. Since 
there is probably some shock to the nervous system by the amputation, 
these results ought to be corroborated by other experiments where the 
eyes are covered over with some substance to shut off the rays of light 
This, I have not yet succeeded in doing satisfactorily. 

The experiment of removing only one of the ocular tentacles was tried 
on two different animals with the following interesting results. 

TABLE XIV. 

COMPABISON OF EFFECT OF AMPUTATION OF RiGHT AND LeFT DORSAL 

Tentacles. 



Animal 
No. 


Normal Phototactio 
Responae. 




Right Tentacle. 


Left Tentacle. 


1 
2 


-70.O 


-27.0 


+8.0 



In the case where the right tentacle was removed, the animal still 
responded negatively with considerable precision. Amputation of the 
left tentacle, in the case of No. 2, on the other hand, resulted in a slight 
positive phototaxis. While these two cases by themselves have little, if 
any, significance, taken in connection with facts now to be discussed, they 
seem to indicate a greater degree of sensitiveness to strong light on the 
part of the left side of the animal's body than the right. 

It will be remembered that our thigmotactic experiments pointed to a 
possible asymmetry in the sensitiveness of the right and left tentacles of 
the slug. Do we find a similar asymmetry in the responses to light? 
Table XV. gives the responses of right and left sides respectively for the 
18 series. Column 1 gives the number of the series, column 2 the in- 
tensities of light, columns 3 and 4 the total angular migrations in a positive 
and negative direction for the series when the right side was exposed to the 
light, and the fifth column the algebraic average (positive or negative) 
phototactic response of the right side. Similarly, the next three columns, 
6, 7, and 8, give the responses of the left side. Column 9 represents 
the total movement of the series in degrees to the right. This result was 
obtained by adding the total positive responses of the right side (column 3) 
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TABLE XV. 

COMPAAUOV OP ReSFOKSES OP RiOHT AKD LbPT 81DB8 TO LiGHT. 



1 


2. 


3 


h 


5 


, 6 1 7 


8 


9 


10 


11 


'3 
6 

1 


XntoMityof 
Light. 


RmPOOms of Riflit 
Bide in Defreea. 


1 

Side in Deffwa. 


TbUl MoTunent 
inI>««TeMto 


J. 


+ 


- 


Aiwgc 

Pboto- 
teTfe 


+ 


- 


Artnge 
PboCo. 
texis 

+ or- 


Bi^ 


Left. 


.676 


306 


770 -19. 


25 


1385 


--67. 


1690 


796 


8 


2 


.382 


250 


1056 


-19. 


875 


1716 


-32. 


1966 


1431 


U 


3 


.169 


425 


595 


-4.3 


15 


1835 


-46.8 


2280 


610 


18 


4 


.042,4 


265 


855 


-8.3 


870 


975 


-20. 


1230 


725 


10 


5 


.010,6 


65 


730 


-22. 


185 


435 


-a 


500 


915 


10 


6 


.004,7 


295 


805 


-17. 


585 


335 


+ 6.7 


680 


1840 


10 


7 


.001,69 


250 


500 


- as 


155 


260 


- a9 


510 


655 


10 


8 


.000,754 


280 


330 


- 1.4 


415 


265 


+ 4.1 


545 


745 


12 


9 


.000,424 


530 


645 


- 8. 


615 


250 


-10. 


780 


1260 


12 


10 


.000,260 


435 


245 


+ 6.3 


388 


100 


+ 9.6 


535 


638 


10 


7a 


.001,69 


260 


.210 


+ 1.2 


115 


270 


-5. 


520 


325 


11 


8a 


000,754 


410 


165 


+ 8.1 


435 


180 


+ a5 


590 


600 


10 


9a 


.000,424 


380 


75 


+10. 


605 


55 


+17. 


435 


680 


10 


10a 


.000,260 


560 


230 


+ 9. 


180 


205 


-0.7 


765 


410 


12 


11 


.000,022 


955 





+31.7 


440 


55 


+12.7 


1010 


440 


10 


12 


.000,009,6 


160 


275 


- 8.8 


470 


240 


+ 7.6 


400 


745 


10 


13 


.000,003,36 


460 


120 


+11.7 


405 


185 


+ 9. 


595 


525 


10 


14 


.000,002,0 


410 


90 


+10.7 


890 


80 


+10.3 


490 


480 


10 


15 


.000,001,26 


895 


320 


+ 2.5 


465 


95 


+12. 


490 


775 


10 


16 


.000,000,185 


915 


40 


+29. 


460 


105 


+12. 


1020 


500 


10 


17 


.000,000,018,8 


210 


215 


-0.2 


235 


155 


+ 2.6 


' 365 


450 


10 


18a 
186 


Darkness 

" with 
candle heat 


1220 
155 


240 
495 


+16. 
-10. 


220 
820 


1050 
140 


-13.8 

+ 7. 


2270 
295 


460 
815 


20 
10 


Totals 


9570 


8506 




7808 


10321 




19891 


16314 




« less 18a & 186 


8195 


7771 




7268 


9131 




17826 


15039 
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and the total negative responses of the left side (column 7), — these 
responses heing necessarily right-hand movements. The total movement 
in degrees to the left (column 10) was likewise obtained by adding the 
total negative responses of the right side and the positive responses of the 
left side. Column 1 1 gives the total number of animals used in each series. 
In the region of negative phototaxis, the total positive and negative 
angular migrations, and the average negative phototaxis of all the series 
(1-7, inclusive) when the right and left sides respectively were turned 
toward the light, were as follows. 

TABLE XVX 

Bum of thb Bcspohbss of Bight and Lbft Sides whsit Phototaxis 
IS Neoatitb. 



side turned 
toward Light. 


Total Angalar Migration. 


Arerage Negatife 
Phototaxis. 


+ 1 - 


Bight 
Left 


1846.^ 
1660.^ 


4811.0 
6M1° 





This shows on the whole a less sensitive right side, or, to put it differently, 
a more marked negative phototaxis of the left side. How b it when the 
animals become positively phototactic ? Table XVII. gives the average 
positive response of the right and left sides for series 8 to 18, including 
series 7a, 8a, 9a, and lOo. 

TABLE XVn. 

Sum of Besponsbs of Bight and Left Sides when Phototaxis 

is posititb. 



Side tamed 
toward Light 


Total Angular liigration. 


ATerage Podtife 
Phototaxia. 


+ 


- 


Bight 
Left. 


6860.<> 
6608.** 


2960.° 
2190.° 


7."68 
7.076 



Here an asymmetrical response is less strongly marked. The left side, 
however, appears on the average to be somewhat more strongly attracted 
toward the light The results prove that the asymmetry in response of the 
right and left sides cannot be wholly due to a tendency to move toward 
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the right, for, if this were so^ we should expect an average positive 
response of the right side as much greater than that of the left side, as the 
average negative response of the left is greater than that of the right side, 
for both these would mean a greater movement to the right. These 
facts curiously suggest that the right and left sides are attuned to slighUj 
different intensities of light. Is this possibly due to ancestral habits of 
life in which environment, acting unequally on the two sides^ produced 
this difference? 

The results obtained for the right and left sides from the experiments 
in darkness (series 18a) are rather puzzling. If the responses are due 
to some uncontrolled directive stimuli of the kind already suggested, it 
would seem that the two sides bad given opposite responses. As these 
experiments represent two series taken at different periods, it is the 
more surprising that they should both show this peculiarity. Again, in 
the responses to weak candle heat (series ISb) the left seems to have 
been positively, and the right side negatively affected. So far as is known, 
there was no unequal operation of stimuli on the two sides. 

Related to this matter is the question, — Is there any tendency on the 
part of all slugs to move either to the right or to the left ? Individuals 
were noticed which seemed to have a marked tendency to continue 
moving toward the right, and there were others which seemed to be as 
strongly biassed toward the left Not many seemed entirely indifferent. 
The total movement of all the slugs in the region of negative response 
(series 1-8, Table XV.) toward the right side was 8786** (col. 9), and to 
the left 6471° (col 10). In the positive region (series 8^18, Table XV.), 
the total migration toward the right side was 8540° (ool. 9), and to- 
ward the left 8568° (col. 10). Thus, there seems to have been con- 
siderably less migration toward the left in the range of negative 
responses, but only a slightly greater movement toward the left in 
the region of positive response. In all the 17 series, there was a mi- 
gration towards the right of 17,326°, and towards the left of 15,039°. 
That is, there appears on the whole to have been a slightly greater 
average movement for all slugs toward the right than there has been 
toward the left. What do we find to be the case with the animals experi- 
mented on in the dark? Out of the 120 determinations made on 20 
animals in the dark (series 18a), the amount of right-hand movement 
was 2270° and the left-hand movement only 460°. That is, there was 
nearly five times more migration toward the right than there was toward 
the left. In series 18^, however, there seems to have been a marked pre- 
ponderance of movement toward the left. From the foregoing experi- 
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ments, it seems pretty clear that there is a difference in the sensitiveness 
of the right and left sides. There is also some indication of a slightly 
greater average tendency to move to the right But a further study of 
the undirected movements of slugs in the dark is needed. 

Studies have been made by several observers on the undirected move- 
ments of a number of different animals, chiefly ants and other insects. 
In all animals experimented on, there appears to be a tendency to travel 
in loops or constantly widening spirals. Man, when he loses his way, 
travels in a circle. Some interesting observations have been made by 
George and Elizabeth Peckham ('98, pp. 211-219) on the sense of 
direction in the solitary wasps. When the wasp starts out from its nest, 
it flies quite around it and gradually circles farther and farther away in a 
constantly enlarging spiral, sometimes recrossing its path a number of 
times. The authors' observations show that this action is to enable the 
wasp to familiarize itself with its surroundings, so that it can find its way 
home when it so desires. The similar phenomenon observed in other 
insects, such as ants, is, no doubt, for the same purpose. Davenport 
('97, pp. 278-279) in his experiments on Amoebae found that, when 
their movement was undirected by any external stimulus, they tended to 
travel in curious spiral loops. Pouchet ('72, pp. 227-228) made obser- 
vations on the movement of larvae of Musca (Lucilia) caesar in the dark. 
There is a striking contrast between the paths given by him of the un- 
directed movements and those made in response to the stimulus of light. 
The tendency to travel In a gradually widening spiral has also been 
observed by the writer in young frog and toad larvae — before the develop- 
ment of mouth and eyes — when they are dislodged from the support to 
which they are clinging. 

Most of the following experiments on the slug were made in a room 
about 12 feet square. The floor was sometimes covered with cardboard 
or paper, but in other experiments was left bare. Heavy curtains were 
hung in front of the windows and light shut out as completely as possible. 
The experiments were conducted at night, and the temperature of the 
room was nearly, if not quite, constant. A slug was put on the floor in 
the centre of the room and left to itself for two or three hours, sometimes 
longer. By means of the mucous secretion, which hardened into white, 
shiny flakes, the exact path of the animal could, in most cases, be easily 
followed. This path was roughly reproduced by pencil on paper. A num- 
ber of these paths are given in Figures 3-22, much reduced from the 
actual space covered. The series here given includes all the animals 
experimented on, with the exception of three individuals which did not 
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FlGUBBS d22. 
Much reduced copies of the tracks made by slogs (Limax mazimos) in the dark. 
dx.f right-handed loops ; s., left-handed loops. 
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give any characteristic paths. Two of the three moved only a short dis- 
tance in wavy lines without recrossing their paths, and were in poor condi- 
tion, for they did not go far, and shortly died. One extremely active little 
individual moved ahead in a straight line quite across the floor, a distance 
of eight or ten feet With these few exceptions, it will be seen that 
there is a very marked tendency to travel in loops. In general, the 
loops varied in size from a couple of inches in diameter to two feet and 
sometimes more. The animal generally makes a circle soon afiber starting 
out, and then may travel for some distance before again recrossing its 
tracks. The individuals which did the most looping also showed a 
tendency, by gradually swinging away from the starting point, to make 
larger and larger circles. Nos. 7, 8, 11, 13, 14, 16, 17, 19, and 22 all 
showed this tendency. The smaller individuals usually make the 
smaller loops, but this is not always the case. Although the paths made 
by different animals have a very different appearance, they all show the 
same general looping tendency. It will at once be noticed that all curves 
are not in the same direction. Some are right-handed loops, others are 
left-handed, and two cases, Nos. 10 and 12, contain loops of both right and 
left hand character, or at least indicate a tendency to the formation of 
sudi loops. As a rule, however, the individual shows a marked con- 
stancy in the character of the loops made. Disregarding the two cases 
in which there were both right and left hand loops, we have ten individuals 
with a tendency to circle to the right and eight individuals with just as 
marked a tendency to circle to the left. This does not indicate a very 
great preponderance of individuals travelling to the right. If the total 
space travelled over by all individuals be considered, I think it might 
show, on the average, a more marked swerving to the right than does a 
counting of right and left circling individuals, but I have not measured 
ihe distances carefully enough to speak confidently on this point The 
evidence thus far accumulated in regard to an asymmetrical response of 
the right and left sides to artificial stimuli points to a greater sensitive- 
ness of the left side, which is perhaps correlated with a slight average 
tendency to move toward the right side more than to the left. 

Summary of Part III. 

These studies on the light responses of Limax maximus seem to estab- 
lish the following points : — 

(1) The animals are markedly phototactic 

(2) There are individual differences in phototaxis, as there are in 
geotaxis. 

VOL. xxxvii. — 16 
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(3) To strong light, slugs, on the average, give a strong n^alive 
response. 

(4) The degree of response gradually diminishes with the reduction 
in the strength of the stimulus. 

(5) There is a certain strength of light which appears neither to repel 
nor attract the slug. This may be said to be a neutral stimulus. 

(6) Reduction of the intensity of the light beyond the neutral point 
changes the phototaxis from negative to positive. 

(7) The positive response becomes stronger up to a certain d^ree of 
intensity. 

(8) It then gradually diminishes with decreasing intensity until abso- 
lute darkness accompanied by no response is reached. 

(9) Slugs are responsive to light stimuli covering a wide range of 
intensities. 

(10) The principal organ of response is probably the eye. 

(11) The response is unsymmetrical on the part of the right and left 
sides of the animal's body. The right side is not as sensitive to stiionli 
as is the left. On the whole the right side moves through a slightly greater 
arc in a period of 45 seconds than does the lefl. 

(12) In the dark, other directive stimuli being eliminated, the slug 
tends to travel in a spiral of gradually increasing radius, though almost 
invariably producing one or more loops. Some slugs make right-hand 
loops, others left-hand ones ; there is a slightly greater tendency to 
right-hand circling. 

These responses of the slug to touch, gravity, and light-stimuli empha- 
size tlie fact that it is an animal's normal environmental conditions which 
chiefly determine its general response to artificial stimuli. The variations 
in precision and character of this general response are mainly dependent 
on certain internal factors, such as the food conditions of the animal, its 
fear of an enemy, and desire to escape captivity. 
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It is a pleasure to acknowledge my indebtedness to Professors E. 
L. Mark and G. H. Parker for assistance in this investigation. 
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Thc proboBcU of RbyQofaobolus dibn^ncbiatus was described by Ehlers 
C64-68, p. 670) as ^ short, thick, olub^haped, with small egg-shaped 
papillae (compare Plate 1, Fig, 1), and was divided by him (p, 678) 
into two parts, the '' RUsselr&bre," or sheath pf the proboscis, and the 
*♦ Kiefertrager," or bearer of the jaws. Before eversion the " RUssel* 
r&hre" is anterior to the ^ Kiefertrager," bat when the proboscis is 
everted (Fig, 1) the latter is anterior. The " Keifertriiger " may bo 
•abdiyided, as Ehlers suggested, into three regioDS, which in the hod* 
everted state are respectively anterior, middle, and posterior: (1) the 
•Dterior has none of the small egg-shaped papillae; (2) the middle 
region is that supporting the fovr jaws; and (3) the posterior is, as 
a rule, not everted, it is the region of the four glands (gL) of tho 
jawa and the remainder of the proboscis following the glands. The 
boundary between '* Kiefertrager " and '^ RUsselrdhre " is marked, ac* 
oording to Ehlers, by the place of attachment to the proboscis of four 
partial diaphragms, called by him '' Lappen " (Fig, 1, /mn.). 

When cross sections of the everted proboscis are made in the region 
of the four partial diaphragms (Fig. 2), one encounters in succession in 
paasing from the surfoce toward the centre (1) a cuticula (efa.) ; (2) an 
epithelial layer (e'M.); (3) a oonnective-tissue layer (its, oo^nt,), in which 
are embedded eighteen longitudinal nerves (n. ^,), and a nerve plexus ; 
(4) a region composed of eighteon longitudinal muscles (mu, Ig.) ; (5) a 
sh«et of circular musclos {mu* crc) ; (6> a £s9cia or pcntoucuw {pf$n*) 
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lining the body-cavity; then in the body-cavity the four partial dia- 
phragms ; and finally that part of the proboscis which has not been everted. 
This consists of nearly the same kinds of layers arranged in the reverse 
order, namely a peritoneum, circular muscles, longitudinal muscles, nerves, 
connective tissue, and cuticula. 

The epithelial layer directly beneath the cuticula is not mentioned as 
such by Ehlers. Since it apparently undergoes an interesting metamor- 
phosis, it is worthy of further study. 

From the underlying connective-tissue layer eighteen projections of 
connective tissue pass radially inward between the eighteen longitudinal 
muscles to the region of the circular muscles. Where the radial projec- 
tions are continuous with the outer circular portion of the connective 
tissue the eighteen longitudinal nerves (n. Ig,) are seen cut crosswise. 
(Compare PI. 2, Fig. 10.) 

Concerning the structure of these longitudinal nerves I have notbiDg 
to add to what Ehlers ('64-68, p. 696) has already pointed out They 
are evidently surrounded by a protecting connective tissue, within which 
lie what are apparently nerve fibres. In preparations fixed in vbm 
Rath's picric-osmic-platinic chloride-acetic mixture, the nervous plasm 
is fiocculent and has shrunken awaj' from the nerve sheath. 

From these longitudinal nerves, fibres pass out (PI. 2, Fig. 10) to 
form the peripheral nerve plexus, which is embedded in the connect 
tive tissue occupying the space between the longitudinal muscles and 
the cuticula. Other nerve fibres (n. r.) starting from the plexus pass 
radially inward, skirting the longitudinal muscle (Fig. 10); yet appar- 
ently they do not innervate the mu:»cles, for I have seen no nerve fibre 
pass through the sheath enclosing the muscle. Still other radial nerve 
fibres (n. rJ) can be followed from the longitudinal nerves passing through 
the middle of the radial connective-tissue projections toward the centre 
of the sections as far as to the membrane immediately superficial to the 
circular muscles (PI. 1, Fig. 2 ; PI. 2, Fig. 10). In the anterior region, 
where the four partial diaphragms, the ^ Lappen " of Ehlers, are at- 
tached to the wall of the proboscis, radial nerve fibres occupying the 
same relative position as those marked in other regions n. r/ can be 
traced into these four pendent structures. Ehlers says concerning these 
" Lappen *' (p. 686) : " By means of a fold it [the fascia which invests 
the surface of all these parts] forms the four < Lappen,' which are 
attached at the boundary between ^ Riisselrdhre ' and * Eiefertrager;* 
these ' Lappen ' therefore possess the fine tense membrane on both sur- 
faces , between lies a fibrous tissue^. which is apparently identical with 
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the subcuticular tissue of the sheath of the proboscis, with which, more- 
over, it is evideutly continuous. This tissue . . . consists of a fibrous 
network, in the meslies of which lie ganglion cells." Further on (p. 696) 
he says : '* The ganglion cells between the leaves of these ' Hautlappen ' 
He in a single layer and are surrounded by strands of fibres, so that they 
lie as it were in the meshes of such a net made up of bundles of fibres ; 
however, it seems to me very doubtful whether these strands of fibres 
which make the meshes are all of nervous nature ; on the contrary I 
believe that the greater mass of this fibrous tissue is identical with that 
which lies under the chitinous cuticula of the ^ RUsselrohre ' and forms 
the sheath of the longitudinal nerves." 

If I understand Ehlers correctly (he has no figures showing these 
histological conditions), I do not entirely agree with him concerning the 
structure of the " Lappen." Within the peritoneum I find connective 
tissue, ganglion cells, and also cells not mentioned by Ehlers (PI. 2, 
Figs. 7, 8). These last have an epithelial character; they form, indeed, 
the main bulk of the lobe, as appears both in material prepared in the 
Tom Rath mixture and in two haematoxylin preparations made from 
material fixed respectively in corrosive sublimate and in sublimate- 
acetic. The " Fasergewebe" of Ehlers I consider nervous in large 
part. Almost all of the fibres (Fig. 8) surround, not the ganglion cell, 
as one might infer from his description, but its nucleus, and pass out at 
one pole of the cell body to the longitudinal nerves of the proboscis. 

Finally, nerve fibres from the longitudinal nerves and from the pe- 
ripheral nerve plexus can be traced out peripherally into the small papil- 
lae which are thickly distributed over the surface of the " Russelrolire." 

Through the kindness of Mrs. Margaret Lewis Nickerson, who sug- 
gested to me the subject of the present paper, I was able to begin my 
study of the distribution of the sensory papillae of the proboscis on a 
preparation of the cuticula already made by her. The cuticula had been 
prepared by a method which was first employed by Mrs. Nickerson. 
All my subsequent preparations of the cuticula of other individuals were 
secured by the same method, which was as follows: The worm, after 
being narcotized in a mixture of sea-water and alcohol, was placed in a 
ten per cent solution of common salt until it was evident that its skin 
was loosened from the body. A cut was then made through the cuticula 
along a longitudinal line of the body, and the animal placed in tap- 
water. After the salt had been thoroughly washed out, the worm was 
cut transversely into pieces short enough for the cuticula to be mounted 
conveniently on a slide. The cuticula was next peeled ofi* with needles 
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and floated upon glass slides. These preparatioDS were ready for study 
as soon as they were dry. 

The whole surface of the prohoscis, except the part which is most 
anterior in the usual state of eversion (Fig. 1), is covered with conical or 
thimble-shaped papillae, which are arranged on the summit of transverse 
folds (PI. 5, Figs. 32, 33). In general the axes of the papillae are per- 
pendicular to the surface of the proboscis, or are directed outward aud 
either slightly backward or slightly forward. The rows of papillae are 
as a rule separated from each other by regular intervals, but sometimes 
there is an anastomosis (Fig. 32) of the folds from which these organs 
project. The folds follow one another closely, and there are one or two 
rows of papillae to each fold. At the posterior part of the everted 
proboscis, the transverse rows are divided into eighteen longitudinal 
groups (Fig. 33); the interspaces correspond to the position of the 
eighteen 'longitudinal nerves. Otherwise the arrangement and frequency 
of these organs is the same from the anterior to the posterior end of the 
proboscis, and there is no other evidence of special grouping in any part. 

The papillae are more or less ovoid or conical. On a proboscis about 
5^ mm. in diameter at the anterior end, they were found to be about 
80 /x in height and about 35 /x in diameter at the thickest part 

The cuticula of the proboscis passes over each papilla, but is here re- 
duced to about two-thirds the thickness it has elsewhere. The cuticula 
of the posterior face of each papilla is coarsely corrugated. The 
ridges are most clearly seen in preparations of removed cuticula (PL 6, 
Fig. 34), or in sections stained in Kleinenberg's haematoxylin (PI. 1, 
Fig. 6 ; PI. 3, Fig. 13). Thou«^h varying in number in different 
papillae, the ridges show considerable regularity of form and arrange- 
ment, for the outlines produced by them are always rather sharply bent 
in a region corresponding with the middle of the posterior face of the 
papillae, so that the surface view of that face shows a series of V-shaped 
outlines, like the longitudinal section of a nest of funnels, the apices of the 
V's being directed toward the base of the papilla. Sometimes, however, 
there is an anastomosis of the folds (PI. 3, Fig. 13). Ehlers (p. 679) 
says of this species of Rhynchobolus that the cuticula of the papillae has 
** fine folds, which, like those of the gills, occur in spiral lines, surround- 
ing the papilla, or more rarely, standing out as sharply projecting 
ridges." Concerning the gills he says (p. 676) ; '* The chitinous cov- 
ering possesses at fairly regular intervals furrows which pass around 
the circumference spirally ; their significance probably consists in their 
laying the gill into definite folds when it collapses aud withdraws into 
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the parapodial pouch." Whatever may be the condition in the case of 
the gills, the i'urrows of the papillae do .not encircle those organs, for I 
have found that they exist on the posterior face of the papilla only. 
That the function of the furrows of the papillae is similar to that sug- 
gested by Ehlers for those of the gills, namely to determine the place of 
folding when the organs are retracted, may well be questioned, for there 
is no evidence that the papillae are ever retracted ; there are no muscles 
to effect contraction, nor have I ever found the organs in a retracted 
condition. 

The papillae have been studied in sections fixed in a mixture of 
corrosive sublimate and acetic acid and subsequently stained in Klein- 
enberg^s baematoxylin ; in sections fixed in corrosive sublimate and 
stained in iron baematoxylin ; in preparations fixed in vom Rath's 
('95, p. 282) picric-osmic-platinic chloride-acetic mixture (to which tap- 
water was sometimes added) ; and in methylen-blue preparations. The 
sections stained in iron baematoxylin I prepared, through the kindness 
of Professor Lloyd, in the laboratory of the Teachers College, Columbia 
University. 

The living substance of the papillae appears to consist of either four 
or five cells, which are, to judge from the nuclei, of two kinds. Two of 
the nuclei (PI. 1, Fig. 3 ; PI. 3, Fig. 16, ni. ba.) found in the papillae are 
basal in position and larger than the others ; the remaining two or three 
(nl, ax,) are nearer the apex of the papilla and also usually more nearly 
axial in position (PI. 1, Figs. 3, 4; PI. 2, Figs. 9a, 9^, 11; PI. 3, 
Figs. 16, 17 ; PI. 4, Figs. 26, 28, 30). The boundaries of the two cells 
to which the two basal nuclei belong cannot be made out by any process 
that I have employed. 

In preparations made with vom Rath*s mixture, the protoplasmic con- 
tents of the papilla are distinctly vacuolated. The vacuoles are also seen 
with nearly equal distinctness in the methylen-blue preparations, but not 
quite so clearly in sections stained with iron baematoxylin or with Kleinen- 
berg's baematoxylin. The vacuoles are merely clearer, usually roundish, 
regions, which stand out distinctly, in contrast to the deeply stained granu- 
lar or fibrous surrounding substance, and are quite variable in size, as is 
to be seen in PI. 3, Figs. 18, 20; PI. 4, Figs. 22, 25, 29. 1 believe 
that some of the more elongated vacuoles and the clusters of the 
more rounded ones in the region of the central nuclei (Figs. 22, 29), 
and perhaps a lighter coloring of the axial region of the papilla (PL 1, 
Fig. 4 ; PI. 2, Fig. 11), gave rise to the following opinion expressed by 
Ehlers (p. 679) : " There lies under the chitinous covering a thin sheet 
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of finely granular substance, which in the papilla appears to surround a 
narrow cavity, and there is connected with this sheet a thick layer of 
fibrous tissue." 

Connective-tissue fibres pass from the connective tissue of the pro- 
boscis into the papillae (PL 1, Fig. 4; PL 2, Fig. 11 ; PI. 3, Figs. 12, 
19, 20 ; PL 4, Fig. 27) ; as a rule, these could not be traced more than 
half-way to the apex of the papilla, but sometimes the contents of the 
papilla, in great part or entirely, looked fibrous (PL 1, Fig. 4 ; PL 3, 
Figs. 12, 15, 19). These fibres of the papilla are, as Ehlers says, in 
close connection with a ^nely granular substance. There is a particu- 
larly dense and deeply stained layer of this finely granular substance 
immediately under the cuticula (PL 1, Figs. 3, 4; PL 2, Fig. 11 ; PL 3, 
Fig. 16; PL 4, Fig. 30); it surrounds not a cavity, but a central re- 
gion in which there is a little granular substance and in which there 
are many vacuoles. At one point of the base of the papilla, ^where the 
connective tissue enters (PL 1, Fig. 4; PL 2, Fig. 11), and again at one 
point near the apex, apparently in the region of the sensory termination 
of the papilla (PL 4, Fig. 30c), there is a break in the dense layer of 
finely granular substance. 

Of the two basal nuclei {nl ha,) one is near the anterior, the other 
near the posterior face of the papilla (PL 2, Fig. 96). They are sphe- 
roidal or ellipsoidal, and contain small irregularly scattered chromatin 
granules in large numbers ; but in preparations stained in haematoxylin 
(PL 1, Fig. 3 ; PL 2, Figs. 9^ 11 ; PL 3, Figs. 16, 17) they appear less 
deeply colored than the remaining nuclei. 

The more distal nuclei (rd, ax.) are more elongated, being ellipsoidal 
or spindle-shaped. They present an elliptical outline whether seen in 
sections perpendicular to the axis of the proboscis (PL 1, Figs. 3, 4; 
PL 2, Fig. 11; PL 4, Fig. 30c), in longitudinal sections of the pro- 
boscis passing through the axis of the papilla (Fig. 28), or in sections 
perpendicular to the axis of the papilla (PL 2, Fig. 9a/ PL 3, Figs. 16, 
17). The outline may be more or less pointed at one end, and is more 
nearly circular in the sections perpendicular to the axis of the papilla 
than in those parallel to the axis. The deeply staining granulations of 
the distal, or axial, nuclei are larger and not less numerous than those of 
the basal nuclei ; and it is perhaps for this reason that the first-named 
nuclei appear more deeply stained than the basal ones. The gran- 
ulations of the axial nuclei are also more evenly distributed. Both 
kinds of nuclei have a clearly defined nuclear membrane. In the prep- 
arations fixed in sublimate-acetic and stained in Kleinenberg's haema- 
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toxjlin, I have seen a nucleolus in the basal nucleus only, and here 
only occasionally (PL 3, Fig. 16; PI. 4, Fig. 24). Sometimes, 
though rarely, there are in a basal nucleus two larger granulations 
(PI. 2, Fig. 11 ; PI. 4, Fig. 30c), which may perhaps be entitled to 
rank as nucleoli. In preparations stained in iron haematoxylin and 
in those fixed in vom Rath*s mixture the nucleolus is regularly seen 
with great distinctness near the centre of the basal nucleus (PI. 2, 
Fig. 96 ; PI. 4, Fig. 26-28). The nucleolus is not infrequently sur- 
rounded by a light area. 

From the different effects produced on the two kinds of nuclei by 
haematoxylin and by methylen blue, it is fair to conclude that the 
cells to which the basal nuclei belong are very different from those 
of the apical nuclei, and that they have nothing to do directly with 
the nervous system. They are evidently indifferent subcuticular cells, 
which probably have the same functions as the cover cells of more com- 
plicated sensory organs. 

The central elongated nuclei found in haematoxylin preparations, 
judging from their position, evidently correspond to the two or three 
spindle-shaped cell bodies which appear in methylen-blue preparations. 

" I have not succeeded," says Ehlers (p. 690), " in finding proof posi- 
tive that there are nerves in the fibrous tissue which enters the papilla 
from the common subcuticular layer." What Ehlers was unable to 
find, I have, by the use of improved histological methods, succeeded 
in demonstrating with entirely satisfactory clearness. The spindle- 
shaped cells are evidently nerve cells of sensory function. For, on 
the one hand, the basal end is connected with one of the eighteen longi- 
tudinal nerves of the proboscis by a nerve fibre passing to that nerve, 
either directly or, through the intervention of the peripheral nerve plexus, 
indirectly; and on the other hand the peripheral end tapers toward 
the apex of the papilla, where it terminates in a sensory structure, the 
precise nature of which it is difficult to make out 

Each of the sensory cells of the papilla has the form of an elongated 
spindle tapering at its free end to a delicate fibre-like structure, and 
continuous at its basal end with a fibre traceable to a nerve trunk. 
This spindle-shaped enlargement, or cell body, lies in the axis of the 
papilla and about midway between its base and apex. An exception 
to this rule regarding the position of the cell body is seen in Figure 20 
(PI. 3), where the cell seems to have a basal position. I am, how- 
ever, in doubt as to whether the sensory cells in this case are actually 
basal in position, or whether the appearance may not be due to an 
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accidental staining of parts adjacent to the nerve fibres, — a sort 
of extravasation, — accompanied by a failure to stain on the part of 
the real cell body and the more distal portions of the sensory cell. 
The spindle-shaped enlargement is sometimes stained uniformly, but 
more often the staining is irregular and blotchy ; in some cases a 
nucleus is to be distinguished near the middle of the cell body in 
the widest part of the spindle, which . it almost completely fills. In 
one case (PL 3, Fig. 14) the nucleus was sharply differentiated from 
the cell body, which was not at all blotchy, but distinctly fibrous and 
sparsely granular. 

From the distal end of the spindle-shaped cell body there passes off a 
fibre that, I believe, breaks up into a number of fibrils, each of which 
seems to me to end in a disc (PL l, Fig. 5 ; PL 3, Fig. 14). In Fig- 
ure 31 (PL 4), the fibrils are quite clearly recognizable ; in Figures 2o 
and 29 (PL 4), though distinguishable, they are not so evident. The 
terminal discs (PL 3, Fig. 18; PL 4, Figs. 25, 29) may, it is true, 
be artefacts ; but the frequency of their occurrence and the similarity of 
their appearance seem to me to be arguments against that supposition. 
Sometimes the blue is deposited in great amount around this bunch of 
fibrils (PL 3, Figs. 12, 15, 18 ; PL 4, Fig. 29), but in other cases it has 
failed entirely to stain the portion of the sensory cell that is distal to the 
spindle-shapefl enlargement. On the other hand, there are cases in which 
the peripheral part of the distal portion of the sense cell has been differ- 
entiated by staining in haematoxylin (PL 2, Fig. 11, not well brought out 
in the figure). In the case in which I have seen fibrils with their terminal 
discs most distinctly (PL 3, Fig. 14), the discs at the ends of the fibrils 
are at the surface of the papilla outside the cuticula ; in other prepara- 
tions, the fibrils seem not to pass through the cuticula, but to end at its 
deep surface. It is probable that in most cases the cuticula has been 
artificially separated from the protoplasmic mass of the papilla, and that 
normally the fibrils pass to the surface of the papilla. 

The connection of the cell body with one of the eighteen longitudinal 
nerves of the proboscis is often to l)e traced on a single thick section. 
The process which the cell body sends centripetally either joins a longi- 
tudinal nerve directly, or enters the peripheral nerve plexus, which in 
turn joins the longitudinal nerve (PL 2, Fig. 10; PL 3, Fig. 19). The 
basal end of each of the two or three cell bodies of the papilla seen in 
methylen-blue preparations (PL 3, Figs. 12, 14, 20; PL 4, Figs. 23, 
25, 29) is prolonged into a slender nerve fibre. While the fibre be- 
longing to one of the celb of a papilla bends to the left when it joins 
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the nerve plexus, that belonging to another cell of the same papilla 
may bend to the right, as is to be seen in Figures 10 (Pi. 2), 12, 
and 19 (PL 3). Occasionally the fibres twist around each other, and 
there is sometimes to be found an appearance which suggests anas- 
tomosis of these fibres, but focusing shows that in a great number of 
such cases the fibres cross without touching each other; in still other 
cases (PI. 3, Figs. 12, 19) the blue staining is not confined to the 
fibres, and this makes the following out of the fibres more difficult 

The condition shown in Figure 15 (PI. 3), which seems to be an ex- 
ception to the rule that the basal end of each spindle-shaped cell body 
tapers into a nerve fibre, is probably the result of the well-known 
capriciousness of methylen-blue staining. In no case have I seen a 
nerve fibre arise from an abruptly rounded basal end of one of these 
sensory cells, but the cell body seems always to taper gradually into 
the nerve fibre. There are, however, quite a number of cases in 
which the inner end of the cell body does not simply taper into a 
sinj^le nerve fibre, but in which it is prolonged into a few processes 
which ultimately unite to form the fibre (PI. 4, Figs. 23, 25). 

These nerve fibres on their way to the longitudinal nerves often show 
at intervals those characteristic swellings, or varicosities, which have been 
so frequently figured in recent works on nerve fibres treated either by 
the methylen-blue or the Golgi methods. 

Summary. 

The papillae of the proboscis of Rhynchobolus are sensory organs. 
They are considered to be sensory on the following grounds : — 

1. The papillae are well differentiated organs. 

2. They are found over almost the entire surface of the everted 
proboscis. 

3. They are elevated above the surrounding surface. 

4. The cuticula which passes over each papilla is reduced to about 
two-thirds the thickness it has elsewhere on the proboscis. 

It should be mentioned that the cuticula of the posterior face of each 
papilla is coarsely corrugated, but the significance of this wrinkling is 
unknown. 

5. There are two or three spindle-shaped cells in a papilla, each of 
which terminates — either below the cuticula or more probably at the very 
apex of the papilla — in what is clearly a sensory structure, and each 
of these cells tapers gradually at its base into a nerve fibre. These 
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nerve fibres are connected either directly or indirectly — through the in- 
terveutiou of a peripheral nerve plexus — with the eighteen longitudinal 
nerves of the proboscis. 

6. There are two basal nuclei that belong to cells which probably 
have the function of cover cells. 

It remains to be said that there enter each papilla besides nerve fibres, 
connective-tissue fibres. These latter are found in close connection with 
a finely granular substance, of which there is a particularly dense and 
deeply staining layer immediately under the cuticula. Standing out in 
contrast to the deeply stained granular or fibrous surrounding substance 
are the clear, generally rounded vacuoles. 

If there is any difierentiation in function between papillae, it is not 
correUted with any pronounced difference in structure. 
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EXPLANATION OF PLATES. 



Abbbeyiatio^^s. 



cod. Coelom, body-cavity. 

eta. Cuticula. 

eta, -\- e'th. Cuticula and epithelium. 

gl. Gland. 

ffjia. Jaw. 

tmn. Lemniscus. 

mu. crc. Circular muscle. 

viu. Ig. Longitudinal muscle. 

n. crc. Circular nerve. 

fU. ax. Axial nucleus. 



nl. ha. Basal nucleus. 

n. Ig, Longitudinal nerve. 

n. r. Radial nerve fibre skirting longi- 
tudinal muscle. 

n. r.' Radial nerve fibre passing directly 
to the membrane superficial to the 
circular muscles. 

pap. Papilla. 

pVtn. Peritoneum. 

ii8. co'nt. Connective tissue. 



In many figures not only the papilla is shown, buV also a portion of the imder- 
lying parts. 
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PLATE 1. 

Fio. 1. Longitudinal section of the everted proboscis showing: (1) the sheath of 
the proboscis; (2) the bearer of the jaws and its subdivision; and (3) the 
lemniscus {Imn.), which marks the boundary between (1) and (2). 

Narcotized in a mixture of sea-water and alcoliol; fixed in MiiUer*s fluid; 
stained with Beale's ammonia carmine. X circa 11. 

Fio. 2. Cross section of the partially everted proboscis in the region of the four 
lemnisci (/mn.), showing, among other tilings, a diagmmmatic representation 
of tiie papillae and the connection of their sensory cells with the circular and 
the longitudinal nerves, and also the nerve fibre (n. r/) passing to the membrane 
which invests the circular muscles. 

Chloroform, mcthylen blue, Bethe's ammonium molybdate for invertebrates. 
X 14.5. 

Fio. 3. Papilla from a cross section of the proboscis, showing two " basal ** and 
three " axial " cell nuclei. 

Sea-water and alcohol, sublimate-acetic, EIeinenberg*8 haematoxylin. X 675i 

Fio. 4. Longitudinal section of a papilla, from a cross section of the proboscis, 
showing the two axial nuclei and one of the two basal nuclei, also fibrous struc- 
tures entering the base of the papilla. Treatment the same as in Fig. 3. 
X 685. 

Fio. 5. Longitudinal section of a papilla, from a sagittal section of the proboscis, 
showing two sensory axial cells with peripheral sensory termination and 
prolongation of the basal end of each into a slender nerve fibre. 

Chloroform, methylen blue, Bethe's ammonium molybdate for invertebrates. 
X650. 

Fio. 6. Papilla from cross section of proboscis viewed from behind, showing the 

corrugations of the cuticula on the posterior face of the papilla, and in optiitl 

section the two zones of living substance together with one of the basal nuclei. 

Sea-water and alcohol, sublimate-acetic, Kleinenberg's haematoxylin. X 5bd. 
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PLATE 2. 

Fia. 7. Portion of cross section of proboscis, showing structure of lemnisciu. 
Sea^water and alcohol, yom Rath's mixture. X 200. 

Fig. 8. Part of Fig. 7 enlarged. X ca. 400. 

Fios. 9a, 96. Sections of a papilla perpendicular to its axis. Figure On represents 
the more distal of the two sections, and sliows the form and position of the 
three axial nuclei ; Figure 96 sliows the two basal nuclei. The anterior face 
of the papilla is directed toward the top of the plate in both cases. 
Sea-water and alcohol, corrosive sublimate, iron haematoxylin. 

Fio. 10. Portion of the cross section of an everted proboscis, showing one of the 
eighteen longitudinal nerves (n. Ig.) cut croaswise, the peripheral nerve plexus, 
the union of the centripetal processes from the sense cells with the longitudinal 
nerve (in the case of the third papilla from the upper margin of the Figure, 
one of the two nerve fibres bends to the left when it enters the nerve plexus, the 
other to the right), a radial nerve (n. r.) following the surface of the longitu- 
dinal muscle (this is sketched in from an adjacent section), and another radial 
nerve (n. r/) passing directly to the membrane which is immediately superficial 
to the circular muscles. 

Chloroform, methylen blue, Bethe's ammonium molybdate for invertebrates. 
X 146. 

Fio. 11. Papilla from a cross section of proboscis showing one of the basal and 
one of the axial nuclei ; there are two large granulations in the basal nucleus. 
The differentiation of the distal portion of the sense-cell is not well shown. 
Sea-water and alcohol, sublimate-acetic, Kleinenberg's haematoxylin. X 460. 



Digitized by CjOOQ IC 



Orpi-NHEiMERr Sense Orsan'5 Riivnchobclus. 



!-^],ATr 2 




\M 



Q'' 



s 



'^^\!%i^- ' 






T*-. 



Digitized by CjOOQ IC 



Digitized by CjOOQ IC 



Digitized by CjOOQ IC 



PLATE 3. 

Fios. 12, 14, 15, 18, 19, 20. Preparations made hj use of chloroform, methylen 
blue, and Bethe's araraonium molybdate for invertebnites. 

Fios. 13, 16, 17. Prepared by use of sea-water and alcohol, sublimate-acetic, 
Kleinenberg's haematoxylin. 

Fig. 12. Papilla from cross section of proboscis, showing connective-tissue fibres 
passing into the papilla; deep culorntion of terminal fibrils; the nerve fibres 
bending in opposite directions where tliey enter the nerve plexus. X 6^0, 

Fio. 13. Papilla from cross section of prol>osci8, showing corrugations of 
posterior face of papilla, and the outline of one of the basal nuclei. X 460. 

Fig. 14. Papilla from sagittal section of proboscis; the two sensory (axial) 
cells, their peripheral terminations, and their proximal nerve-fibre prolonga- 
tions stained blue. 

The nucleus of one of the sensory cells more deeply stained than the cell body. 
Cuticula distended and detached from substance of the papilla by treatment. 
X 710. 

Fio. 16. Papilla from cross section of proboscis, showing deeply stained axixl 
body, from which a single peripheral, deeply stained process extends to the apex 
of papilla, where it terminates in a specialized and stained area ; the contents of 
the papilla in great part fibrous. X 1020. 

Fio. 16. Somewhat oblique cross sections of two papillae from a cross section of 
the proboscis. In one papilla are two basal nuclei and a part of one of the 
axial nuclei ; in the other the three axial nuclei cut cmsswise. X 670. 

Fio. 17. Cross sections of two papillae from a cross section of proboscis. In one 
are seen two axial nuclei, each surrounded with a clear area ; in the other a 
basal nucleus and portions of two axial (^) nuclei. X 670. 

Fig. 18. Papilla from cross section of proboscis. The two sensory cells are 
stained throughout ; their distal prolongations have a more or less spiral course 
and terminate in a cluster of discs at the apex of the papilla. Vacuoles large. 
X 715. 

Fig. 19. Papilla from cross section of proboscis, showing that where the cen- 
tripetal fibres from two sensory cells meet the nerve plexus, one bends to the 
right, the other to the left. X 725. 

Fig. 20. Papilla from cross section of proboscis, showing the basal position of 
the sensory cell body C) ; the basal end of each sensory cell is prolonged into a 
Blender nerve fibre. X 682.5. 
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PLATE 4. 

Fios. 21-23, 25, 27, 29, 80. Longitudinal sections of papillae from cross sections 
of proboscis. 

Figs. 21-23, 25, 29. Preparations made by use of chloroform, methylen blue, 
Bethe's ammonium moljbdate for invertebrates. 

Figs. 24, 30. Preparations made by use of searwater and alcohol, sublimate- 
acetic, Kleinenberg*s haematozjlin. 

Fio. 21. Tlu*ee sensory cells, two showing peripheral fibres and terminations. 
X715. 

Fio. 22. Papilla showing a row of axial vacuoles. 

Sesrwater and alcohol, Miiller's fluid, Beale's ammonia carmine. 

Fig. 23. The nuclei of the two sensory cells distinguishable from the cell body 
by their deeper stain. Peripheral and proximal fibres stained. X 710. 

Fig. 24. Basal nucleus of a papilla showing a large single nucleolus. X 670. 

Fio. 25. Highly yacuolated papilla, fibrils and discs of the sensory termination 
stained blue, the deep ends of each of the sensory cells prolonged into a few 
processes, which unite to form the single nerve fibre. X 700. 

Fig. 26. Cross section of a small papilla, showing a nucleolus in each basal 
nucleus. 
Sea-water and alcohol, Tom Bath's mixture. X 680. 

Fig. 27. Papilla showing one of the basal nuclei with large nucleolus, and the 
passage of connective-tissue fibrils into the papilla. 
Sea-water and alcohol, vom Bath's mixture. 

Fig. 28. Papilla from sagittal section of proboscis, showing three axial nuclei 
and two basal nuclei. 

Sea- water and alcohol, sublimate, iron haematoxylin. 

Fig. 29. Papilla from cross section of proboscis, showing numerous small 
vacuoles, fibrils and discs of sensory termination. The basal end of each sen- 
sory cell is prolonged into a slender nerve fibre. X 730. 

Figs. 30a-80<f. Four successive sections from a single papilla. 

Fig. 306 shows one of the basal nuclei ; Fig. 30c, the other basal nucleus and 
the two axial nuclei. 

In the region of the apex of the papilla, there is an interruption in the cortical 
layer of finely granular substance, not well shown, and the region is traversed 
by fine fibres. X 586. 

Fig. 31. Fibrils from the peripheral termination of a sensory cell 
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PLATE 5. 

Fio. S2. From a photograph of the cnticnla of the proboscis stripped by macenip 
tion (consult text, p. 665) and mounted on glass slide. The part of the figure 
nearest the top of the plate is toward the anterior end of the everted proboscia. 
To show the arrangement of the papillae in transrerse rows. X 22.6. 

Fio. 88. From a photograph of a preparation similar to that of Fig. 82, showing 
the appearance of the cuticula and attached papillae near the posterior end of 
the everted proboscis. Kme of the eighteen longitudinal columns of papilUa 
are shown. X 18.6. 
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PLATE 6. 

Fio. 84. Highly magnified view of portions of four transTeree rows of papillae, to 
sliow the corrugations of the flattened and dried papilUte, and the circular wall 
and pit of the cuticula at the apex of the papilla, marking the poeitlon of the 
termination of the sensory cells. X 110. 
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CONTRIBUTIONS FROM THE ZOOLOGICAL LABORATORY OF 
THE MUSEUM OF COMPARATIVE ZOOLOGY AT HARVARD 
COLLEGE. 

E. L. Mark, Director. 



**« AbbreTiationa used : — 

Bf M. C. Z for Boll. Mas. Comp. Zo51. 

P. A. A for Proceed. Amer. Acad. Arts and Sd. 

P. B. S. N. H. for Proceed. Bost. 8oc. Nat. Hist. 

1. Barkbb, W. — On the Derelopment of Uie Posterior Fissure of the Spinal Cord, and 

the Bcduction of the Central Canal, in the Pig. P. A. A. !• : 97-110. 8 pis. 1884. 

2. Tdttlx, a. H. — The Relation of the External Meatus, Tympanam, and Eustachian 

Tube to the First Visceral Cleft P. A. A. 1» : 111-132. 2 pis. 1884. 

8. Atbrs, H. — On the Derelopment of Occanthus nireus and its Parasite, Teleas. 
Mem. Bost. Soc. Nat. Hist. 3 : 22^281. 8 pis. Jan., 1884. 

4. Whitman, C. O. — The External Morphology of the Leech. P. A. A. aO: 7ft-87. 
Ipl. Sept., 1884. 

6. Patten, W. — The Deyelopment of Phryganids, with a Preliminary Note on the 
Development of Blatta Germanica. Quart. Journ. Micr. Sci. ^4 : 54tMM)2. 3 pis. 
1884. 

6. Rbiohard, J. — On the Anatomy and Histology of Aulophorus vagus. P. A. A. 

90 : 88-106. 8 pis. Oct., 1884. 

7. Faxon, W. — Descriptions of New Species of Cambarus; to which is added a 

Synonymical List of the Known Species of Cambarus and Astacus. P. A. A. 
90 : 107-158. Dec, 1884. 

8. LocT, W. — Observations on the Development of Agelena naevia. B. M. C. Z. 

19 : 63-103. 12 pis. Jan., 1886. 

0. Fbwkbs. J. W. — Report on the Medusae collected by the U. S. Fish Commission 
Steamer Albatross in the Region of the Gulf Stream in 1883-'84. Ann. B«p. Coranr. 
Fish and Fisheries for 1884, 927-980, 10 pis., 1886. 

10. Atbrs, H. — On the Carapax and Sternum of Decapod Crustocea. Bull. Essex lust. 

17 : 49-69. 2 pis. 1886. 

11. Mark, E. L. — Simple Eyes in Artliropods. B. M. C. Z. 13 : 49-105. 5 pis. Feb., 

1887. 

12. Parkbr, G. H. — The Eyes in Scorpions. B. M. C. Z. 1» : 173-208. 4 pis. Dec, 

1887. 

13. Mato, Florence. —The Superior Incisors and Canine Teeth of Sheep. B. M. C. Z. 

13 : 247-258. 2 pis. Jun., 1888. 

14. Platt, Julia B. — Studies on the Primitive Axial Segmentation of the Chick. 

B. M. C. Z. 17 : 171-190. 2 pis. Jul., 1889. 

15. Mark, E. L. — Studies on Lepidosteus. Part 1. B. M. C. Z. 1©: 1-127. 9 pis. 

Feb., 1890. 

16. EiGBNXANN, C. H. — On the Egg Membranes and Micropyle of some Osseous 

Fishes. B. M. C. Z. \»i 129-154. 3 pis. Mar., 1890. 

17. Parker, G.H. — The Histology and Development of the Eye in the Lobster. 

B. M. C. Z. 90 : 1-60. 4 pis. May, 1890. 

18. Atbrs, II. — The Morphology of the Carotids, based on a Study of the Blood-vessels 

of Clilamydoselaobus anguineus, Garman. B. M. C. Z. 17: 191-223. Ipl. Oct., 
1889. 

19. Davenport, C. B. — Cristatclla : The Origin and Development of tlie Individual in 

the Colony. B. M. C.Z. aO: 101-151. 11 pis. Nov., 1890. 

80. Parker, G. H. — The Eyes in Blind Crayfishes. B. M. C. Z. 30 ; 153-162. 1 pi. 
Nov., 1890. 
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SI. Hknohx AH, Anhik P. —The Origin and Development of the Central Xeirons Sys- 
tem in Limax maximos. B. M. C. Z. 90 : 10»-2O8. 10 pis. Dec, 1800. 

22. BrrraB, W. E. —The Parietal Eye in some Lizards fh>m the Western United States. 
B. M. C. Z. »0 : 20»-228. 4 pU. Jan., 1891. 

28. Davbkpobt.C.B.— Preliminary Notice on Budding in Bryozoa. P. A. A. 99: 
278-282. Mar., 1891. 

24. WooDWOBTH, W. M. — Contributions to the Morphology of the Tnrfoellaria. — I. On 

the Structure of Phagocata gracilis, Leidy. B. M. C. Z. 91 : 1-44. 4 pis. Apr., 
1891. 

25. Parkvb, G. H. — The Compound Eyes in Crustaceans. B. M. C. Z. ai : 45-142. 

10 pis. May, 1891. 

26. Ward, H. B. — On some Points in the Anatomy and Histology of Sipunculns 

nudus, L. B. M. C. Z. 91 : 143-184. May, 1891. 

27. Yield, H. H.— The Derelopment of the Pronephros and Segmental Duct in Am- 

phibU. B. M. C. Z. 91 : 201-342. 8 pis. Jun., 1891. 

28. DAYnrpoBT, C. B. — Obserrations on Budding in Paludicella and some other Br3ro- 

zoa. B. M. C. Z. 99 : 1-114. 12 pis. Dec, 1891. 

29. Smith, F. — The Gastrulation of Aurelia flaridnhi, P^. and Les. B. M. C Z. 99 : 

115-12«. 2 pis. Dec, 1891. 

80. JoHH80ir,H. P. — Amitosis in the Embryonal Enrelopes of the Scorpion. B.M.C.Z. 

99 : 127-102. 3 pU. Jan., 1892. 

81. BoTSB, E. R. — The Mesoderm in Teleosts : especially its Share in the Formation of 

the Pectoral Fin. B. M. C. Z. 93 : 91-134. 8 pis. Apr., 1892. 

82. Wabd, II. B.— On Nectonema agUe. B. M. C. Z. 99 : 185-188. 8 pis. Jun., 1892. 

88. Davknfobt, C. B.— On Umatella gracilis. B. M. C. Z. 94: 1-44. 6 pis. Jan., 

1893. 

84. Datsnport, C. B. —Note on the Carotids and the Ductus Botalli of the Alligator. 

B. M. C. Z. 94 : 45-60. 1 pi. Jan., 1893. 

85. RrrTBB, W. E. — On the Eyes, the Integumentary Sense Papillae, and the Integu- 

ment of the San Diego Blind Fish (Typhlog<^ius califomiensb, Steindachuer). 
B. M. C. Z. 94 : 61-102. 4 pis. Apr., 1893. 

86. NicKBRSON, W. S. — The DcTelopment of the Scales in Lepidosteus. B. M. C. Z. 

94 : 116-140. 4 pis. Jul., 1893. 

37. Daysnpobt, C. B. — Studies in Morphogenesis. — I. On the DcTelopment of the 

Cerata in ^olis. B. M. C. Z. 94 : 141-148. 2 pis. Jul., 1893. 

38. WooDWOBTH, W. MoM. — A Method of Orienting small Objects for the Microtome. 

B. M. C. Z. 95 : 46-47. Dec, 1893. 

89. Korom, C. A.— On some Laws of Cleayage in Limax. P. A. A. 99: 180-208. 

2 pis. 1894. 

40. Davbnpobt, C. B. — Studies, etc.— II. Regeneration in Obelia and its Bearing od 

Differentiation in the Germ-Plasma. Anat. Anz. 9 : 283-294. 6 figs. Feb. 15, 
1894. 

41. HoLBROOK, A. T. — The Origin of the Endocardium in Bony Fishes. B. M. C. Z. 

95 : 75-97. 5 pis. Aug., 1894. 

42. Cabtlb, W. E. — On the Cell Lineage of the Ascidian Egg. A Preliminary Notice. 

P. A. A. 30 : 200-216. 2 pis. Oct., 1894. 

43. Wetbbb, a. W. — On the Blastodermic Vesicle of Sns scro& dcMuesticus. P. A. A. 

30 : 283-323. 4 pis. Dec, 1894. 

44. Wilcox, E.y. — Spermatogenesis of Caloptenus femur-mbrum. Preliminary 

Notice. Anat. Anz. lO : 803, 304. Dec. 19, 1894. 

45. MnxBB, Gbbbtt S., Jb.— On the Introitns Vaginae of certain Muridss. P. B. S. N. H. 

9e : 459-468. 1 pi. Feb., 1895. 

46. Davenpobt, C. B., Ain> Castlb, W. E. — Studies, etc — III. On the Acclimatiza- 

tion of Organisms to High Temperatures. Arch, t Entwickelnngsmechanik 9 : 
227-249. Jul. 23, 1895. 

47. Wiux>z, E. V. — Spermatogenesis of Caloptenus femnr-rubmm and Cicada tibicen. 

B. M. C. Z. 97 : 1-32. 6 pU. May, 1896. 

48. KoTom, C. A. —On the Early Development of Limax. B. M. C. Z. 97 : 83-118w 

8 pis. Aug., 1896. 



Digitized by CjOOQ IC 



40. NicxntaoH, W. S. — On Stichocotyle nephropis Canningham, a Pantdite of the Ameri- 
can Lobster. Zool. Jahrb., Abth. f. Auat. 8 : 447-480. 8 pis. 1805. 

60. Dayskpobt, C. B. — Studies, etc.— FV. A preliminary Catalogue of tlie Processes 
concerned in Outogenj. B. M. C. Z. JIT : 171-190. 81 ftgs. iu text. Nor., 1805. 

51. Parksr, G. n., AND Floyb, R. — Tlie Preservation of Mammalian Brains by Means 

of Formol and Alcobol. Anat. Aox. 11 : 154-158. Sept. 28, 1895. 

52. Cartlb, W. K — The Early Embryology of Ciona Intestinalis, Flemming (L.)* 

B. M. C. Z. 97 : 201-280. 13 pis. Jan., 1804. 

63. Dayeitport, C. B., and Nial, H. V. — Studies, etc. — V. On the Acclimatization 
of Organisms to Poisonous Chemical Substances. Arch. f. Entwickolungsmc- 
chanik 9 : 544-588. 8 flgs. Jan. 28, 1894. 

54. Pabkbr, G. H., Ain> Flotd, R. — Formaldehyde, Formaline. Formol, and Forma- 

lose. Anat. Anz. 11 : 547, 548. Feb. 14, 1894. 

55. Pabksr,G. H.— The Reactions of Metridium to Food and other Substances. 

B. M. C. Z. 99 : 105-119. Mar., 1894. 

56. Gkbould, J. n. — The Anatomy and Histology of Candina arenata Gould. 

P. B. 8. N. H. ar: 7-74. 8 pis. and B. M. C. Z. »•: 121-190. 8 pis. Apr., 
1894. 

57. Pabkir, G. H. — Variations in the Vertebral Column of Kecturus. Anat. Anz. 11 : 

711-717. 2 Ags. Mar. 20, 1894. 

58. Wiux»x,E. v. — Further Studies on the Spermatogenesis of Caloptenus femur- 

rubrum. B. M. C. Z. SM»: 191-204. 3 pis. Jun., 1894. 

59. Mater, A. G. — The DeTelopment of the Wing Scales and their Pigment in Butter. 

flies and Moths. B. M. C. Z. 99: 207-234. 7 pis. Jun., 1894. 

60. FoLSOM, J. W. — Neclus murlnus, representing a new Tbysauuran Family. Psyche, 

7: 801, 392. 1 pL Jun., 1804 

61. GoTO.S. — Vorllnflge Mlttheilung fiber die Entwicklung des Scestcmes Asterias 

paUida. Zool. Anz. 11>: 271-273. Jun. 15, 1804. 

62. Parksr, G. H. — Pigment Migration in the Eyes of Palaemonetes. A Preliminary 

Notice. Zool.Anz. 19: 281-284. 2 flgs. Jun. 20, 1894. 

68. WooDWORTH,W. McM.— Preliminary Report on Collections of Turbellaria from 
Lake St. Clair and CharleToix, Michigan. Bull. Michigan Fish Commission, 
No. e: 94, 95. 1894. 

64. Goto, S. — Preliminary Notes on the Embryology of tlie Starfish (Asterias pallida). 
P. A. A. 31 : 833-335. Jul., 1894. 

66. WooDWORTH,W. McM. — Report on the Turbellaria collected by the Michigan 
State Fish Commission during the Summers of 1898 and 1894. B. M. C. Z. 99: 
237-244. Ipl. Jun., 1804. 

64. Tower, W.L. — On the Nenrous System of Cestodes. Zool. Anz. !•: 823-327. 
2 flgs. Jul. 20, 1894. 

47. Dayenport, Gertrude C — The Primitive Streak and Notoohordnl Canal In Che- 
Ionia. Radcliflre Coll. Monographs, No. 8, 64 pp. 11 pis. [Sept.], 1894. 

68. Lewis, Margaret. — Centrosome and Sphere In Certain of the Nerve Cells of an 
Invertebrate. Anat. Anz. 19 : 201-209. 11 figs. Sept. 2, 1894. 

60. JuDD, 8. D. — Description of three Species of Sand Fleas (Amphlpods) collected at 
Newport, Rhode Island. Proc. U. S. Nat. Mus. 18 : 593-403. 11 flgs. Aug., 1894. 

70. Jenxinqs, H. S. — The Early Development of Asplanchna Herrlckii de Gueme. 

A Contribution to Developmental Mechanics. B. M. C. Z. 30 : 1-118. 10 pis. 
Oct, 1894. 

71. Nbal, H. V. — A Summary of Studies on the Segmentation of the Nervous System 

in Squalus acanthlas. A Preliminary Notice. Anat. Anz. 19 : 377-391. 4 figs. 
Oct. 20, 1894. 

72. Dayeeport, C. B., AMD Caknon, W. B. — On the Determination of the Direction 

and Rate of Movement of Organisms by Light. Jour, of PhysioL 91 : 22-82. 
Ifig. Feb. 5, 1807. 
18. DAyEEPORT,C.B., AND BuLLARD.C- Studies, etc. — VI. A Contribution to the 
Quantitative Study of Correlated Variation and the Comparative Variability of the 
Sexes. P. A. A. 39 : 87-97. Dec, 1894. 



Digitized by CjOOQ IC 



T4. Matkb, a. G. — On the Color and Color-Patteros of Moths and Bntterfliett. 
B. M. C. Z. 30 : 167-266. 10 pis. Feb. [Mar.]. 1»7 and P. B. 8. N. H. 97 : 

243-330. 10 pis. Mar., 1897. 

76. Parkbb, G. U. — The Mesenteries and Siphonoglyphs in Metridinm marfinatum 
Milne.Edwards. B. M. C. Z. 30 : 257-272. 1 pi. Mar., 1807. 

76. Parkbr, (i. II. — Photomechanical Changes in the Rethial Pigment Cells of Palae- 

monctes, and their Relation to the Central Nerroos System. B. M. C. Z. SO : 
273-300. Ipl. Apr.. 1897. 

77. BuMKSR.F.S.— On the Structure of the Sensory Organs of the Lateral Line of 

Ameiurus nebuloeos Le Saenr. Anat. Anz. 13 : 266-260. Mar. 3, 1807. 

78. WooDWOBTU, W. McH. — On a Method of Graphic Beconstroction from Serial Sec- 

tioQS. Zeit. f. wiss. Mikr. 14 : 16-18. Jul., 1897. 

79. BsKWSTBR, E. T. — A Measure of Variability, and the Relation of Indlridoal Varia- 

tions to Specific Differences. P. A. A. 39 : 269-280. May, 1897. 

80. Datsnpobt, C.B. — The Bdle of Water in Growth. P. B. S. N. II. 38: 73-84. 

Jun., 1897. 

81. Lkwis, Maboaret. — Clymene prodocta sp. noT. P.B. S.N. H.39 : 111-115, 2 pl!«. 

Aug., 1897. 

82. PoBTER, J. F. — Two new Gregarinida. Jour. Morph. 14 : 1-20. 3 pis. Jun., 1897. 

88. WooDWOBTH, W. MoM. — Contributions, etc. — 11. On some Turbellaria from 
lUinois. B. M. C. Z. 31 : 1-16. 1 pi. Oct., 1897. 

$4. PoxTEB, J. F. — Trichonympha,and otlier Parasites of Termes flaripes. B.M. C. Z. 
31 : 46-68. 6 pis. Oct., 1897. 

86. WAffS.F. C — Variations In the Brachial and Lumbo-Sacral Plexi of Necturus 
maciiIo«us Baftnesque. B. M. C. Z. 31 : 09-02. 2 pis. Nor., 1897. 

86. Datbicfobt, C. B., and Pkbkiks, Hklxn. —A Contribution to the Study of Geo- 

taxis in the Uighcr Animals. Jour, of Physiol. 33 : 99-110. Sept. 1, 1897. 

87. Parkvr, G. H.,A]n> Toeikr, C. H. — The Thoracic DerivatiTes of the Postcardlnal 

Veins in Swine. B. M. C. Z. 31 : 131-144. 6 figs. Mar., 1898. 

88. €loTO, S. — The Metamorphosis of Asterias pallida, with Special Reference to the 

Fate of the Body Carities. Jour. Coll. Sci., Tokyo, lO : 239-278. 6pU. 1898. 

19. Neal, H. V. — The Segmentation of the Nervous System in Squaius acauthias. 
A Contribution to the Morphology of the Vertebrate Head. B. H. C. Z. 31 : 
146-294. 9pU. May, 1808. 

90. LswiB, Margaret. — Studies on the Central and Peripheral Nerroos Systems of 

two Polychaete Annelids. P. A. A. 33 : 223-268. 8 pis. Apr., 1898. 

91. Uamaker, J. I. — Tlie Ncrrous System of Nereis Tircns Sars. A Study iu Couw 

parative Neurology. B. H. C. Z. 33 : 87-124. 6 pis. Juu., 1898. 

92. Field, W. L. W. — A Contribution to the Study of Individual Variation in the 

Wings of Irf;pidoptcra. P. A. A. 33 : 389-396. 6 figs. Jun., 1898. 

93. Mark, E. L. — Preliminary Report on BranchioceriantKus urceolus, A new Type ot 

ActinUu. B. M. C. Z. 33 : 146-164. 8 pis. Aug., 1898. 

94. Sargent, P. E. — The Giant GanglioB Cells m the Bpiiuil Cord of Cteaolabrui* 

coeru eus. Anat. Anz. IS; 212-226. 10 figs. Dec. 20, 1898. 

96. Rand. II. W. — Regent'ration and Regulation in Hydra Tiridis. Arch. Entwickei- 
ungsineolianik, 8: 1-3K 4 pis. Feb. 21, 1890. 

96. FoLsoM, J. W.— The Anatomy and Pbysiok>gy of tlte Moath-Parts of the Collem- 

bolan, Orchc»ella cincta L. B. M. C. Z. 35 : 6-39. Jul., 1899. 

97. Mark, K L. — '^Branchiocerianthus," a Correction. Zool. Anz. 33: 274, 276. 

Jun. 26, 1899. 

98. Bancroft, F. W.— Ovogenesis io DisUplia occideotalis Ritter (ms.), with Remark* 

on Other Species. B. M. C. Z. 35 : 67-112. 6 pis. OcU, 1899. 

99. Galloway, T. W. — Observations on Non-sexual Reprotluction in Dero raga. 

B. M. C. Z. 35 : 113-140. 6 ph. Oct., 1899. 

100. Parker, G. H. — The Photomechanical Clmnges in the Retinal Pigokent of Gain- 

marus. B. M. C. Z. 35 : 141-148. 1 pi. Oct., 1809. 



Digitized by CjOOQ IC 



101. Pabkbb, G. H., and Datis, Fbedbrica K.— The Blood Vessels of the Heart in 

CarchariM, Raja, and AmU. P. B. S. N. H. »9(8): 163-178. 8 pis. Oct., 1880. 

102. Rand, H. W. — The Regnhition of Graft Abnormalities in Ilydra. Arch. f. En- 

twickelnngsmechanik, 11(2): 181-214. Pis. 6-7. Dec, 1890. 
108. Tkbkbs, R. M. — Reaction of Entomostraca to Stimulation by Lii^ht. Amer. 

Jour. Pbjsiol. 3(4): 167-182. Nov., 1800. 
104. TowNB, W. L.— The Nervous System of the Cestode Moniexia expansa. ZooL 

Jahrb., Abth. f. Anat. 13(3): 350-384. PU. 21-20. Apr. 10, 1000. 

106. WAm, F. C— The Stmctnre and Derelopment of the Antennal Glands in Homams 

americanos Milne-Edwards. B. M. C. Z. 3S(7): 140-210. 6 pis. Dec, 1800. 
100. HABasNT, P. E. — Reistner*s Fibre In the Canalis Centralis of Vertebrates. Anat. 
Ajue. 17(2-8): 83-44. 8 pis. Jan. 16, 1000. 

107. Williams, S. R. — The Specific Grarity of Some Fresh-Water Animals in Relation 

to their Habits, Derelopment, and Composition. Amer. Nat. 34(808): 06-106. 
8 figs. Feb., 1000. 

108. Castlb, W. E.— The Metamerism of the Himdinea. P. A. A. 89(16): 288-W8. 

8 figs. Feb., 1000. 
100. LncTiLLB, H. R.— Maturation and Fertilization in Pnlmonate (Hsteropods. 
B. M. C. Z. 89(8): 211-248. 4 pis. May, 1000. 

110. Parkxb, G. H.—Note on the Blood Vessels of the Heart in the Sunflsh (Orthag- 

oriscus mola Linn.). Anat. Anz. 17(16-17): 313-816. 1 fig. Mar. 31, 1000. 

111. PRATr,n. S.— The Embryonic History of Imagfinal Discs in MelophagusorinusL., 

etc. P. B. S. N. H. 39(13): 241-272. 7 pis. June, 1000. 

112. CA0TLI, W. B. — Some North American Fresh- Water Rhynchobdellidae, and their 

Parasites. B. M. C. Z. 36(2): 16-64. 8 pis. Aug., iooo. 
118. Bown», Mast A.— Peripheral Distribution of the Cranial Nenres of Spelerpet 

bilineatns. P. A. A. 3«(11): 177-108. 2 pis. Oct., 1000. 
114. FoLBOM, J. W. — The Derelopment of the Mouth.Parts of Anurida maritlma Gn^. 

B. M. C. Z. 33(6): 86-167. 8 pis. Oct., 1000. 
116. Pakksb, G. H., and Buknett, F. L. —The Reactions of Planarians, with and with. 

out Eyes, to Light. Amer. Jour. Physiol. 4(8): 873-386. 4 figs. Dec, 1000. 

116. Tmxxs, R. M.— Reaction of Entomostraca, etc. XL Reactions of Daphnia and 

Cypris. Amer. Jour. I^yslol. 4(8): 406-422. 6 figs. Dec, 1000. 

117. G ALLOWAT, T. W. — Studies on the Cause of the Accelerating EflTect of Heat upon 

Growth. Amer. Nat. 34(406): 040-067. 6 figs. Dec, 1000. 

118. Pabxkb, G. H. — Correlated Abnormalities in the Scutes and Bony Plates of 

the Carapace of the Sculptured Tortoise. Amer. Nat. 33 (400): 17-24. 6 figs. 
Jan., 1001. 
110. Ynpcxs, R. M. — A Study of Variation in the Fiddler Crab Gelasimus pugilator 
Latr. P. A. A. 33(24): 416-442. 8 figs. Apr., 1001. 

120. Pakksb, G. H., and Arkin, L. — The Directiye Influence of Light on the Earth. 

wohn Allolobophora foetida (Sar.). Amer. Jour. Physiol. 3(3): 161-167. 1 fig. 
Apr., 1001. 

121. Stbono, R. M.— a Qnantitatiye Study of Variation in the Smaller North-American 

Shrikes. Amer. Nat. 33 (412): 271-208. 8 figs. Apr., 1001. 

122. Sabobnt, p. E. — The Development and Function of Rcissner's Fibre, and its 

Cellular Connections. P. A. A. 33(26): 448-462. 2 pU. Apr., 1001. 

128. Prbntibs, C. W.— The Otocyst of Decapod Crustacea: Its Ktmcture, Develop. 

ment, and Functions. B. M. C. Z. 33(7): 166-261. 10 pis. July, 1901. 
134. Pntibs, a. W. — Some Methods for Use In* the Study of Inftisoria. Amer. Nat. 

33(416): 653-660. 2 figs. July, 1901. 
126. PBKffTiss, C. W. — A Case of Incomplete Duplication of Parts and Apparent Regu. 

lation in Nereis virens Sars. Araer. Nat. 33(416): 663-674. 6 figs. July, 1001. 



Digitized by CjOOQ IC 



CONTRIBUTIONS FROM THE ZOOLOGICAL LABORATORY OF 
THE MUSEUM OF COMPARATIVE ZOOLOGY AT HARVARD 
COLLEGE. ( ConUnued.) 

126. Rahd, U. W.—The Regrenerating Neirons Sjstemof Lnmbricids and the Cen- 
troMHue of H» Nenre Cells. B. M. C Z. S7(8) : 8S~1M. 8 pis. Sept., 1901. 

187. FRAinMBi, P. — Studies on the Reactions of Limax maximus to Directiye Stimoli. 
P. A. A. S7 (8): 18^287. 22 figs. Oct., 1001. 

128. Ybbkbs, R. M. ~ A C^ntribatioD to the Nerrons System of Oonionemu<) morbachii. 

Pt. I. Amer. Jour, of Physiol. •(0): 484-449. Feb., 1902. 

129. OpPBHHsnuB, A. —Certain Sense Organs of the Proboscis of the Polychaetous 

AnneUd Rhyncbobolus dibranchiHtos. P. A. A. S7C21): 561-649. Apr., 1902. 



Digitized by CjOOQ IC 



69.13.4: 18.8:7.66 



CONTRIBUTIONS FROM THE ZOOLOGICAL LABORATORY OF THE 

MUSEUM OF COMPARATIVE ZOOLOGY AT HARVARD 

COLLEGE. E. L. MARK, Director. 



No. 130. 



CILV^^GES ACCOMPANYING THE MIGRATION OF THE EYE 

AND OBSERVATIONS ON THE TRACTUS OPTICUS 

AND TECTUM OPTICUM IN 

PSEUDOPLEURONECTES AMERICANUS. 



Bt Stephen R. Williams. 



With Five Plates awd Seven Text Figures. 



From the Bulletin of the Museum of Comparative Zouloot 
AT Harvard College, Vol. XL.» No. 1. 



CAMBRIDGE, MASS., U.S.A. 
Mat, 1902. 



Digitized by CjOOQ IC 



Digitized by CjOOQ IC 



JAN CO 1903 



No. 1 — CONTRIBUTIONS FROM THE ZOOLOGICAL LABORATORY 
OF THE MUSEUM OF COMPARATIVE ZOOLOGY AT HARVARD 
COLLEGE, UNDER THE DIRECTION OF E. L. MARK, No. 180. 

Changes accompanying the Migration of the Bye and Observations 
on the Tra/itus opticus and Tectum opticum in Pseudopleuro- 
nectes americanus. By Stephen E. Williams. 



TABLE OF CONTENTS. 



L Introduction 


1 


IL Material 


2 


m. Methods 


6 


IV. Migration of the eye and 




changes in the cartiiagi- 




noas skull 


6 


1. Somnuuy of pre 71008 studies 




on the migration of the eje 


6 


2. Description of stages . 


9 


8. Homologies of the anterior 




bones of the skull . . . 


11 


4. Changes in the cartilaginous 




skull 


16 


a. Stage L 


16 


b. " IL 


16 


c. " lUa 


19 


d. " III6 


22 


e. "IV 


26 



f. Comparison of Bothus with 
Pseudopleuronectes ameri- 
canus 

g. Discussion of Pfeffer's 
work 

h. R^sum^ 

V. The optic portion of the cen- 
tral nervous system . . . 

1. General condition in the adult 

2. The optic nerves .... 

3. The chiasma and tracts with 

related ganglia 87 

4. The tectum opticum . . 40 
VI. Theoretical considerations . 47 

VIL Summary 49 

Bibliography 61 

Explanation of Plates 66 



28 



30 



33 
33 
36 



I. Introduotion. 

The strange want of symmetry in the head region of flounders 
has attracted much attention especially because in adults both eyes 
ocoupy the same side of the head. The peculiarity is the more re- 
markable because, for some time after hatching, the eyes and all other 
parts of the head are as symmetrical as in any other fish, and conse- 
quently this asymmetrical condition is brought about afresh in the 
individuals, of each generation, instead of once for all, as is the case 
with most variations. 

Regarding the migration of the eye, with a single exception (Pfeffer, 
'86, '94), only such phenomena have been recorded as can be observed 
from surface study or dissections. It has seemed desirable therefore to 
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learn from careful preparations of specimens in transition stages whether 
there was merely a mechanical twisting of the facial region in an other- 
wise normal fish, or a more elaborate rearrangement of the parts with 
reference to each other, and especially whether any histological changes 
accompany the more obvious external modifications. 



II. MateriaL 

The most of my work has been on the so-called winter flounder 
(Pseudopleuronectes americanus Walbaum), a dextral flatfish, but I 
have also used for the sake of comparison a sinistral species, the 
sand-dab (Bothus maculatus Mitchill). 

My material was all collected at Wood's Hole, Mass., during the years 
1898 and 1899. I obtained a series of developing eggs and young 
Pseudopleuronectes from the hatchery of the United States Fish Com- 
mission in April, 1898. Adult fishes can be taken by nets at any time 
through the year. The larval stages at or about the time of the 
migration of the eye are to be obtained during the month of June 
only. Early in the month only a few are at the point of assuming 
the adult position, and after June 20th, all the fish of this species taken 
were already metamorphosed. 

These larv© were caught by surface towing with a coarse scrim tow- 
net near the wall of the " outer basin " of the U. S. F. C. wharf during 
the rising tide. They are most abundant on clear days when the wind 
is on shore and the tide comes in from the east. On very calm or very 
rough days they are not plentiful. My most successful skimmings 
were made early in June, and twice I obtained as many as 100 young 
fish during the inward flow of the current (3-4 hours). I was able to 
save a few of the young fish alive by frequently emptying the tow-net 
and placing the uninjured specimens in as pure water as possible. 

In the summer of 1898 the sand-dab larvae were taken more abun- 
dantly than the winter flounders, while in 1899 the winter flounders 
were about ten times as numerous as the sand-dabs. 

I kept the young fish in the " outer basin " * in large lamp chimneys, 

1 The granite inclosure for the protection of smaller boats belonging to the 
United States Fish Commission is divided by projecting parts of the dock into the 
'* Inner " and *' outer " basin. There are numerous openings in the stone walls to 
allow the free circulation of the water, and near one of these the float was 
moored, thus securing as nearly normal conditions of water and food as consistent 
with protection from violent wave action. . 
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which were made into separate aquaria by tying netting over the ends 
and were supported by a floating frame. After they had remained here 
for a time they were removed to the laboratory and kept under 
observation in running water. 

The period at which the eye turns is one of great mortality among the 
young fish captured, so that most of those in this stage died before re- 
moval from the net. Since there is as yet no bony orbit, the eyes are 
absolutely unprotected. As the eye which is to change its relative 
position must for a time be on the dorsal side of the head, held in 
position merely by the skin and a limited amount of connective tissue, 
it is not strange that in a number of instances young fish were taken 
alive which had lost the migrating eye some time before their 
capture. 

The actual turning is a comparatively rapid process in the species I 
have observed, though, as will be seen later, a long preparation is made 
for it. For instance, those fishes taken in which the migrating eye had 
reached the sagittal plane of the head swam in an upright position, 
though they came to rest more often on the future eyeless side. 
Within three' days after the capture of a fish in this stage both the 
orientation in swimming and the position of the eyes became essen- 
tially that of the adult. 

The growth of the fish after turning is rapid. A sand-dab measuring 
10 mm. in length and 5 mm. in depth (t. e.,the measurement taken along 
the dorso- ventral axis) was confined in a lamp-chimney aquarium for 1 1 
days and then was found to measure 22 mm. in length and 12 mm. 
in depth. If the third dimension, the breadth or thickness of the 
fish, be assumed to increase in the same proportion, which is a reason- 
able assumption, the volume of this individual increased more than ten- 
fold during the 11 days. The winter flounder of corresponding stages, 
according to my observations, does not grow quite so rapidly. It 
reaches a length of about 75 mm. by the end of August, when it 
is at most 7 months old. 

There are six species of flatfishes comparatively common at Wood's 
Hole, according to Smith (*98). Three of these, Pseudopleuronectes 
americanus, Limanda ferruginea, and Achirus fasciatus, are dextral (i. e., 
the fish lies normally with the right side uppermost), and three, Paral- 
ichthys dentatus, Paralichthys oblongus, and Bothus maculatus are 
sinistral 

Of these six species, Paralichthys dentatus probably breeds in the open 
sea, as small fish are not found. Paralichthys oblongus and Bothus 
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breed in May and the sole about the end of June. I can find no ac- 
count of the breeding time of Limanda. P. americanus breeds from 
the middle of February to the first week of ApriL 

In the summer of 1899, when P. americanus was especially plenty, 
metamorphosed fish of two different lengths were taken in the tow. 
These were about equally abundant. The smaller measured not over 
8-9 mm. at the end of metamorphosis. The larger was a more bulky 
fish with slightly more pigment and it was found swimming upright 
until it reached a length of 13-14 mm., when it also turned left side 
down. I found no specimen intermediate between the two lengths. The 
larger, more pigmented specimens may have been either the larvse of 
the black-bellied variety or possibly the young of Limanda. The more 
important specific differences between Limanda and Pseudopleuroneotes 
are the following : The anterior part of the lateral line of Limanda is 
more arched and this species has more fin-rays in both dorsal and ventral 
fins. But it is difficult in the young fishes to establish a satisfactory 
division on the basis of the number of fin-rays. According to Bumpus 
('98), P. americanus at Wood's Hole averages 66.1 fin-rays to the 
dorsal and 49.6 to the ventral fin. Jordan and Evermann (*96--00) give 
for Limanda 85 dorsal and 62 ventral fin-rays. The specimens of Li- 
manda I have counted at Wood's Hole vary from 81 to 78 in the dorsal 
and 61 to 47 in the ventral. I counted the fin-rays in six small fishes, 
three of each type, and found that in two of these — they belonged to 
the 14 mm. type — the rays corresponded to the formula for Limanda, 
and that in one (9 mm. long) they agreed with P. americanus, there 
being 64 dorsal and 47 ventral rays. The number of rays in the other 
three were absolutely intermediate, two (8.5 mm. long) having respec- 
tively 71-54 and 76-51 rays, the remaining one 75-56 rays. 

The work of Kyle ('98) at the St Andrews laboratory is valuable for 
comparison at this point. There are five dextral flounders on the Scotch 
coast which may be confused with one another. The ones most like 
our species are Pleuronectes flesus, the flounder, P. platessa, the plaice, 
and P. limanda, the dab. Of these, when metamorphosis is completed, 
the flounder is the shortest (about 8 mm., according to Petersen), the 
plaice next and the dab the longest. The plaice may vary in length 
from 13 to 16 mm. ; the dab from 16 to 19 mm. at metamorphosis. 
In Danish waters (Petersen, •94, p. 14) the metamorphoses of these two 
species are complete when the fish is from 4 to 6 mm. shorter. 

As the plaice and dab overlap each other in length, their fin formul® 
were ascertained by Kyle in the hope of finding there a distinctive 
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character. These also overlap, the dorsals varying in both forms from 
68 to 77 and the anals from 50 to 61, the dab usually presenting the 
higher number. The flounder has from 58 to 64 dorsal rays and 
from 38 to 46 anal rays. 

Pseudopleuronectes is intermediate in the number of fin rays between 
P. flesus and P. platessa. It also turns at an intermediate length. 
Taking Petersen's figures for Denmark, P. flesus turns at 8 mm. and P. 
platessa at from 10 to 11 mm. The length at which my shorter larvas 
turned was from 8 to 9 mm. No individuals longer than this were 
found metamorphosing until the length of about 14 mm. was reached. 

Limanda ferruginea has more fin-rays than P. limanda. If I am cor- 
rect in the assumption that the larger, more bulky fish, which turns at 
a length of 14 to 15 mm., is the young of Limanda, its length at meta- 
morphosis would be intermediate between those found for P. limanda 
by Kyle and by Petersen. 

If this fish is the young of Limanda, another problem would be 
solved. How is it that, with two such distinct sizes at metamorphosis, 
the small flatfishes seined a month later are about uniform in sizet 
Limanda is a comparatively deep-water fish, being found in the deepest 
parts only of Vineyard Sound ; the young may have returned by the last 
of July to the region where the adults live, so that there would be left 
only the young of the on-shore species, P. americanus. 

That I took only a few specimens of these problematical coarser larvae 
in June, 1898, and that half the larvae taken in the same month of the 
next year were of this kind, leads me to believe that the breeding sea- 
sons of P. americanus and Limanda may not always exactly coincide. 
This question can very easily be settled by breeding the fish, and satis- 
factorily only in that way. It may be that the phenomena we have to 
deal with here are explainable in another way. Loose ('89) found that 
tadpoles metamorphosed in " waves," a part only of a brood changing 
at a time. There might be something of this sort here, metamorphosis 
at the one length or at the other depending on the advancement of 
development. 

I wish to thank Mr. Alexander Agassiz for the privilege of occupying 
one of the Museum tables at the U. S. F. C. laboratory during parts of 
the summers of 1898 and 1899, and Mr. W. A. Willard for a number of 
brains of adult fishes. The work on the nervous anatomy was done, in 
part, under the direction of Dr. G. H. Parker. I am deeply indebted 
to Dr. K L. Mark, at whose suggestion the work was undertaken, for 
useful advice and the supervision of the whole work. 
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m. Methods. 

The killing fluids used were (1) lO^J formol, (2) Flemming's stronger 
fluid, (3) Vom Rath's picro-sublimate mixture, (4) bichromate of po- 
tassium, (5) Gilson's fluid, arranged in the order of their value. I failed 
to get successful preparations ^ith Vom Rath's platinic chloride mix- 
ture. Where decalcification was necessary Flemming's mixture gave 
very good results. The usual methods of further procedure for sections 
by the paraffin process were used. Heidenhain's iron hematoxylin gave 
the best stain, though Delafield's and Ehrlich's hasmatoxylins also gave 
successful preparations. These were followed by Congo red or acid 
fuchsin to differentiate fibre tracts. The acid fuchsin has the further 
advantage that it stains developing bone and fibrous connective tissue. 
The Weigert stain with copper and the Weigert-Pal method were both 
used in nerve study. Both adult brains and the larvse proved to be 
refractory material for the Grolgi method. The rapid method was used, 
but not more than 5 per cent of the specimens gave any impregnation 
whatever. A sojourn of three days in the Golgi fluid and more than 
two in the silver bath were found to give the most successful prepara- 
tions. Material was left in the silver until wanted for sectioning, 
though much of it was sectioned after an exposure of two days to the 
silver nitrate. 

IV. Migrration of the Eye and Changes in the 
Cartilaginous Skull. 

Before proceeding to describe the conditions which I have found in 
Fseudopleuronectes americanus, I shall give a brief account of the main 
results reached by previous observers, omitting for the present those of 
Pfeff^er. 

1. Summary of Previous Studies on the Migration 
op the Eye. 

It was suggested about the middle of the last century, that the Pleu- 
ronectidee, though unsymmetrical as adults, are, in their young stages, 
bilateral animals like other fish. The brief accounts of Van Beneden 
C53) and Malm (*54), who found young fish quite similar in markings 
to adult flatfishes, but with eyes in a different position, seemed to indi- 
cate the possibility that one of the eyes migrated around the head from 
one side to the other. 
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The first paper which really describes a method pf transition of the 
eye in flatfishes is that of Steenstrup (*63). According to Wyville 
Thomson ('65), on whose abstract of Steenstrup's paper I have relied 
(see also Steenstrup, '64), this author contends that the iinal posi- 
tion of the eyes cannot be explained as simply the result of a torsion of 
the ^nt part of the bead ; and there is, in his (S.'s) opinion, a pene- 
tration of the tissues of the head by one of the eyes. This process 
Steenstrup described carefully from alcoholic specimens of different sizes 
of the young forms which he provisionally termed Plagusise. In this 
species development resulted in a sinistral flounder, ». e,y one in which 
the left side during adult life is uppermost. The right eye was slightly 
in advance of, as well as dorsal to, the left eye. The mouth became 
oblique toward the blind side, and the posterior part of the face, where 
the normal eye is located, seemed pressed " upward " toward the future 
eye-side. The right eye no longer projected from its own side of the 
head in a large orbit, but was deeply imbedded in the tissues, so that it 
bad only a small orbit-opening on the right side. Later, an opening was 
made on the left side and for a time the eye had two orbits. The orig- 
inal orbit soon closed, and as the eye reached the surface level on the 
left side of the head the new orbit increased in size. This second orbit 
was described by Thomson as a bony one in the adult fish, being formed, 
so Thomson contended, by the frontal and prefrontal of both sides. 

Schiddte ('68), working on other species, showed that the passage of 
the eye around the head is a normal method of development. The 
penetration of the eye through the tissues of the bead is restricted to a 
few fishes whose larval forms were once considered adults, and given the 
name Plagusia. 

He observed a Pleuronectes platessa — a dextral flounder — 10 milli- 
metres long, of which he says, " The right eye stands over the beginning 
of the lower third of the maxillary bone. The left eye stands at the top 
of the head, so much inclined to the right that from the left side only 
slightly more than one-third of the pupil can be seen ; it stands in front 
of the dorsal fin, so that the latter is just behind the end of the left and 
[the] beginning of the middle thirds of the eye." In a 14 mm. speci- 
men the pupil of the left eye had become invisible from the left side 
and the dorsal fin touched the left margin of this eye, the foremost ray 
being a little in advance of the extreme posterior margin of the eye. In 
a 40 mm. fish the right eye had moved so that it stood over the lower 
end of its maxillary bone and the left eye had followed it, so that they 
were almost as close to each other as in the last stage, the left eye being 
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a little fiarther back than the right. In this specimen the dorsal fin 
reached as £ar forward as the middle of the left eye. 

Schiodte held from these observations that the dorsal fin kept its po- 
sition and that the left eye migrated forward around it and then passed 
backward to its final position. His implied argument, if I understand him 
rightly, is, that the right eye moves backward from a position over the 
lower (posterior) third of the mazillaiy bone to one over its lower (pos- 
terior) extremity, and that the left eye moves backward still further 
proportionally, because in the end (the 40 mm. specimen) it is not only 
above but '* a little behind " the right eye. This conclusion was in his 
opinion confirmed by the observation that the rays in the dorsal fin of 
young specimens corresponded in number with those of the adult. 

He described under the name Bascanius tfiedifer, n. s., a peculiar 
flounder (evidently sinistral), which had a semilunar depression between 
the right eye and dorsal fin. Here the body was so thin that, if 
incautiously handled^ it broke in pieces or separated itself from the 
dorsal fin. In that case a part of the right eye appeared through the 
hole, giving the animal the appearance of possessing two eyes and a 
half. 

Agassiz ('78) described definitely for the first time the two methods 
of development by which the eyes of flatfishes change position. His 
description of the method by migration around the head is briefly as 
follows (p. 5): ''The first change — and the process is identical, 
whether we take a dextral or sinistral flounder — is the slight advance 
toward the snout of the eye about to be transferred. . . . This move- 
ment of translation is soon followed by a slight movement of rotation ; so 
that, when the young fish is seen in profile, the eyes of the two sides no 
longer appear in the same plane, — that on the blind side being slightly 
above and in advance of that on the [future] colored side. With increas- 
ing age, the eye on the blind side rises higher and higher toward the 
median longitudinal line of the head ; a larger and larger part of this 
eye becoming visible from the colored side where the embryo is seen in 
profile, until the eye of the blind side has, for all practical purposes, 
passed over to the colored side." 

Later the dorsal fin finds its way forward toward the nose, dorsal to 
the transposed eye. 

Agassiz also well described the method by penetration discovered by 
Steenstrup in Plagusia. The change was followed day by day in fishes 
kept captive in his Newport laboratory. He pointed out that these two 
methods are merely two extremes of the same process ; probably the 
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peculiar fish described by Schiddte was an example of an intermediate 
method. 

Only two other descriptions of intermediate methods of eye-transition 
need be noticed. Ehrenbaum ('96) has discussed, among other points, 
metamorphosis in the flatfishes of the German Ocean. Stages of the 
larvsB of the commoner species in which the eye passes around the head 
are given. In the larva of Amoglossus latema, which strongly resembles 
the so-called Plagusifie, the dorsal fin extends to the nostril while the 
fish is yet symmetrical, so that the eye mtut pass under the dorsal fin as 
in Plagusia. The prolongation of the dorsal fin to the nasal pit and the 
position of the right eye close to the lower margin of the fin (after 
migration) prove, in Ehrenbaum's opinion, that the right eye is 
shoved through under the dorsal Jin from the right to the left side. 

Recently a Japanese zoologist, T. Nishikawa ('97), found a case 
where the dorsal fin extended along the head as far as the end of the 
snout in close contact with, but not fused to, the skin. There were no 
fin rays located in the eye region. The right eye passed through a slit 
between the fin and the head in one day, passing thus from one side 
completely to the other. Unfortunately the fish died, so that it is not 
known whether the fin would have fused later to the dorsal part of 
the head or not. 

2. Desoription OF Stages. 

For convenience of description four stages of development may be 
recognized in Pseudopleuronectes americanus. 

Stage I., the recently hatched fish, is represented (Plate 1, Fig. 1) by 
a specimen 3.5 mm. long and 12 days old. Owing to its wide dorsal 
and ventral fins being so transparent as to be scarcely visible, the 
living animal resembles, in its general appearance, a very minute 
pin with an elongated head. It is essentially symmetrical. I have 
sectioned the eggs as well as the young fish and find a blose resem- 
blance to the figures given by FuUarton ('91) in his work on the develop- 
ment of the plaice, Pleuronectes platessa, which is the nearest European 
representative of our flatfish. His drawings, too, show the eyes to be 
symmetrical in position. There are few pigment cells in the body of 
an animal of this stage and they are arranged in much broken 
longitudinal lines. 

The largest of the recently hatched fishes are nearly as long as the 
smallest of the pelagic larvae (Stage II., Plate 1, Fig. 3), which were 
taken the first of June ; but between the two there is a great difference 
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in depth and bulk. To this stage are assigned all those fishes which, in 
a strictly lateral view &om either side, exhibit only one eye. The shorter, 
proportionately deeper, larvae metamorphose when they reach 8 or 9 mm. 
in length. The d^ree of symmetry can better be seen in a front view 
(Fig. 4) of a fish 4 mm. long, the only trace of asymmetry at this stage 
being the slight elevation of the left nasal pit and the lack of absolute 
bilateral symmetry in the shape of the mouth. The upper lip is slightly 
drawn upward on the right side directly opposite the right nasal pit 
(Jv. olf.). 

Stage III. (Fig. 2) has been made to include those fishes in which the 
eye of the blind side had so far migrated as to be visible when the fish 
was viewed in profile from the ocular side. At this stage the eye lies in 
the median plane in a depression immediately in front of the dorsal fin, 
which has grown forward since the preceding stage. There is also a 
noticeable change in the direction of the urostyle^ (ur'sd.). 

In the last stage, IV., the eye has completed its migration, and, so far 
as regards the distortion of the head, the fish is essentially in the adult 
condition. Changes after this are merely accentuations of what is 
found here. Figure 6 shows the dorsal fin {pin. d.) at this stage 
extending as far forward as the middle of the eye. On the body are 
to be seen the beginnings of the pigment areas which later color the 
right side of the fish. . 

The sinistral fish, Bothus, is at first symmetrically pigmented. The 
lower side does not become colorless until the disappearance of the first 
color pattern and the establishment of the much lighter adolescent 
color, which comes after the turning. P. americanus, on the contrary, 
is essentially non-pigmented until it is ready to become a bottom feeder. 

The front view of P. americanus at this stage (Fig. 5) — the com- 
pletely turned fish — is most instructive in bringing out the want of 
symmetry. The left eye has moved through an arc of about 115 
degrees, as may be seen by comparing this view with that of Stage II. 
(Fig. 4). The left nostril has moved dextrad and dorsad, as if in the 
passage of the eye it, too, had become involved. The angle of the 
mouth on the right side bends sharply ventrad; and the upper lip 
of the right side is apparently drawn dorsad toward the right nasal 
pit. From this point the mouth opening has the form of a long slit 
which extends to the left and ventrad in a nearly straight line. 

In Paralichthys oblongus and in Bothus the mouth remains nearly 
horizontal and symmetrical. 

^ For the development of the caudal fin of the flounder, see Agassiz CTS). 
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3. HOMOLOOIES OP THE ANTERIOR BONES OP THE SeULL. 

The changes in the cartilaginous fieicial skeleton will be more easily set 
before the reader, if the homologies of the bones of the face as explained 
by the more recent writers be first made clear. 

The papers of Pfeffer ('86, '94), which deal with the cartilaginous 
skeleton, are also reviewed here. 

Traquair ('65) has given a careful account of the adult skulls of 
flounders of both dextral and sinistral types. The greatest changes, as 
compared with a symmetrical fish, the cod, he finds in the facial region ; 
the brain case remaining nearly symmetrical, except with regard to the 
position of the ridges and wings on the bodies of the bones for the at- 
tachment of muscles. 

The adult skulls of (1) the halibut, (2) the pole flounder, and (3) the 
plaice (Platessa vulgaris) form a series, in which he shows that there is 
a progressive modification, especially of the frontal bones. In the hali- 
but, though the main part of the frontal of the " eyeless " side is back 
of the migrating eye, a thin curved process from it extends between the 
two eyes and with the corresponding interocular process of the frontal 
of the ocular side (to which it is closely applied) forms a part of the 
orbit of the migrating eye. In the case of the pole flounder this process 
from the frontal of the eyeless side is reduced to an exceedingly thin 
curved strip. Finally, in the common flounder even this thin strip has 
entirely disappeared, so that the frontal of the eyeless side is now joined 
with the front of the head exclusively by means of the great externa] 
connection, since called by German writers the "Brttcke."^ 

Steenstrup ('63), according to Thomson (*65), considered the " Brttcke " 
the principal frontal of the eyeless side. 

Thomson himself thought that it represented the prefrontal of the 
eyeless side, and that the partition between the eyes was the frontal of 
the ocular side. 

Malm ('68) at first held the "Brticke" to be infraorbital, but later 
adopted Steenstrup's view. 

Reichert ('74), disregarding the beliefs of previous authors, decided 
that the frontal formed two infraorbital processes, which then fused with 
the latent " Brtlcke " to form the orbital ring. The parts between the 
eyes he thought were normal. 

1 This is a new and peculiar bridge or bar (psendomesial) of bone which has no 
(single) equivalent in the crania of symmetrical fishes. 
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Klein ('68) called the outer edge of the " Brticke " prefrontal, and the 
inner and hinder part of the same, principal frontaL 

Traquair ('65, pp. 276, 277) summarizes the changes from the condi- 
tion of the symmetrical type of skull as follows : 

" (I) The mesial vertical plane of the cranium has become inclined over to 
the now binocular side, very slightly in the posterior part of the cranium, very 
much in the r^on of the eyes (so that the original vertical interorbital septum 
becomes now nearly horizontal), returning in the nasal region nearly to its 
original vertical position in the turbot, but never doing so in the halibut or 
plaice. 

'* (2) In consequence of this, the middle line of the base of the skull remains 
still comparatively straight; while the middle line of the upper surface, diveig- 
ing from the apparent or pseudomesial line, curves round between the eyes, . . . 
and retams to the middle in front. Having got in front of the eyes and nasal 
fo6s» in the turbot, it again coincides, or nearly so, with the apparent middle 
line ; but in the halibut, and still more in the plaice, the apparent and mor- 
phological middle lines, if produced, would cross each other. 

" (3) In the anterior part of the cranium, the parts on the eyeless side of the 
middle line of the base are, in all the Pleuronectidse, more developed than on 
the ocular side. . . . 

'* (4) On the top of the head the interocular parts of the frontal and pre- 
frontal bones ,are more developed on the ocular side. The interocular process 
of the frontal of the ocular side is always much stouter than that of the other 
[eyeless side] bone, and always articulates with a corresponding process sent 
back from the prefrontal But the prefrontal of the eyeless side sends back 
no process to articulate with the frontal of the same side, whose interocular 
part, if examined in a series of flatfishes, gets smaller and smaller, till in the 
plaice it seems almost gone. The same condition affects the morphologically 
mesial plate of cartilage forming the anterior part of the interocular septum, 
which cartilage we have already seen to be chiefly developed on the ocular 
side. 

** (5) To accommodate the two eyes, now both on one side of the head, the an- 
terior parts of the frontal bones remain as a narrow bar, never widening out into 
a broad arch as in the cod and other fishes. Accordingly, to maintain the 
requisite stability of the cranium, a new bar or bridge of bone is formed (pseudo- 
mesial) by the union of a process sent forwards from the anterior external 
angle of the frontal of the eyeless side with one sent back from the correspond- 
ing prefrontal. By means of this bar the upper eye becomes closed round by 
a bony orbit, whose boundaries in the turbot consist of the interocular process 
of the frontal of the eyeless side, the external angular process of the same bone, 
the external angular process of the corresponding prefrontal, and a small por- 
tion of cartilage in front. In the halibut and plaice, however, the nasal bone 
comes to take part in the boundary of the orbit principally by a development 
from its eyeless side; and in the latter fish, owing to the atrophy of the inter- 
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ocular portion of the frontal of the eyeless side, the corresponding part of the 
other frontal forms almost the entire external boundary of the orbit 

" (6) The olfactory foramen and the place of suspension of the anterior sub- 
orbital bone are further forward on the ocular side. . . . The articulation of the 
epitympanic bone to the cranium, in the halibut and plaice, likewise extends 
further forward on the ocular side. 

''(7) The axis of the keel of the cranium . . . points . . . to the eyeless side." 

Pfeffer in a preliminary paper C86) without illustrations, has described 
the larval stages of development in one of the Pleuronectidae. As he is 
the only writer who speaks of the conditions in the interior of the head, 
his conclusions are given in some detail. 

The young fish has an entirely cartilaginous cranium, in which the 
eye sockets are separated below by the sphenoid, and above by the inter- 
orbital roof (Zwischenaugen-Decke) ; but between these the sockets com- 
municate freely with each other. The ethmoid, constituting the anterior 
part of the cranium, develops a wing on each side, the place where the 
wings join the body of the ethmoid being marked by the presence of the 
nasal openings. In very young animals the bulbi olfactorii are embraced 
by the ethmoidal roof; but later they are forced backward behind it. 

Over the interorbital and ethmoidal regions runs a ridge-like dermal 
bone, which is triangular in cross section, and stands vertically ; it sup- 
ports the dorsal fin, and is at first free from the cranium. It is the 
" principal frontal " of authors. 

In the second stage examined by Pfeffer, the migratory eye has risen 
so that half of it is above the level of the interorbital roof. The brain 
capsule remains unchanged, except that it has received the bulbus olfac- 
torius, which has been forced backward by the migration of the eye. 
The interorbital roof is bent outward toward the eye side and somewhat 
twisted on its long axis. At the same time the frontal, now grown fast 
to the interorbital, makes with it a great bend. However, only a broad 
band — its basal portion — remains, while the greater, vertical part of it 
is for the most part resorbed by the migrating eye. There now remains 
between the migrating eye and the eye side only the translucent, thin 
outer skin which previously covered the dermal bone. The front part 
of the ethmoidal region is symmetrical ; but the upper part of the wing 
of the eye side has fused to the fronto-orbital and is now continuous 
with the developing supraorbital cartilage [bone 1], while the whole rim 
of the wing of the blind side remains free. 

The transposed eye at a later stage occupies a pit which opens up- 
ward and toward the eye side and is surrounded by a high rim of thin 
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dermal bones. The previously upper side of the eye now lies on the in- 
terorbital septum, therefore most ventral ; whereas the previously lower 
side of the eye is now near the dorsal fin, therefore highest. The eye 
Las thus rotated 180 degrees. The side of the migrating eye that is 
turned toward the blind side of the head is now closed in by the forma- 
tion of new dermal bones. The socket is completely open in the region 
of the optic nerve. By the migration of the eye, the anterior oblique 
eye muscles, which arise from the hinder border of the ethmoid^ are laid 
bare ; a thin covering of dermal bone grows over these also. The wing 
of the ethmoid on the eyeless side, is fused to a part homologous with 
the supraorbital cartilages ; these grow upward and inward, the latter 
helps in forming the anterior wall of the new orbit 

Pfeffer says that, though the ossification is a continuous process, one 
may distinguish, if he will, three stages in the development of the paro- 
stotic cranial bones of fishes, characterized by — 

(1) The first delicate osseous investment of the cartilage ; 

(2) The dermal ossification which establishes approximately the per- 
manent forms of the bone ; 

(3) The ridges, crests, wings, and the like, — entirely superficial addi- 
tions, — which are probably always connected with muscular action. 

In the flounder the rotation begins while the frontal region of the 
young fish is in the first of these stages. Soon the frontal (cartilaginous) 
is in quite another place, under quite another region of the skin. When 
it has changed its position, there is dermal bone produced over it in its 
new position ; but there is not the least reason why the skin under which 
it would normally have lain should suddenly lose the power of producing 
bone, — and in fact it does not, for it produces the bridge. The bony 
bridge, then, is the parostotic ossification of a precise region of the cutis, 
and if the cranium had remained symmetrical, it would have fused to 
the frontal ; but inasmuch as there is a displacement of the region of the 
(cartilaginous) skull, this dermal ossification has become attached to 
those bones which took a position directly beneath this bone-producing 
region of the cutis after the displacement of the (cartilaginous) skull. 

Pfeffer's final paper, so far as I know, has not yet appeared ; but in a 
short note (*94) the author states again that the interorbital septum 
twists on its long axis, and adds: (1) that the migrating eye, when it 
reaches the mid-line, loses the thin patch of skin which has separated the 
cornea from the outer world, and (2) that the dorsal fin, the muscles 
and the bones develop along the physiological axis of the body, the con- 
tinuation of the spinal column. 
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4. Changes in the Cartilaginous Skull. 

In order to have freshly in mind the normal condition of the cartilagi- 
nous skull in fishes with which to compare the youngest flounder skulls, I 
give a brief statement of the essential parts of Parker's ('73) paper on 
the skull of the salmon : 

In a salmon of the second week, according to Parker, the cartilaginous 
skeleton is fully formed. There is a large fossa on the top of the head 
over the mid-brain. In front, the skull is roofed over with a thin carti- 
laginous plate, the ethmoidal " tentorium," or tegmen cranii. Anteriorly 
this is directly continuous with the ethmoid ; its posterior lateral cor- 
ners are connected with the cartilage of the auditory region by the supra- 
orbital bars, which curve upward and outward. The ethmoid is contin- 
uous with the trabeculsB cranii, — now fused together in front, but 
diverging behind, — which run backward forming a partial floor to the 
•kuU cavity. The superior and inferior oblique eye muscles have their 
origin on the posterior face of the ethmoid. The recti originate from a 
ktmina on the hinder part of the parasphenoid. 

I have projected upon the frontal plane the cartilages of the facial 
region of Pseudopleurouectes in each of the four stages. But because 
of the great length of the dorso-ventral axis of the older stages, this 
method needs to be supplemented either by projections upon the sagit- 
tal plane or by some other process. The most satisfactory recon- 
struction is, of course, the model. Accordingly with the aid of sections 
I have modelled in wax by Born's method the facial region of Stages 
II., III., and IV., and cuts made from photographs of these models are 
given in the text. 

a. Stage L 

A dorsal view of the cartilages of the facial region in Stage I. is shown 
in Figure 7 (Plate 1) as they appear in frontal projection. As in the 
salmon (Parker, '73), the first cartilages to form are the trabecular cranii 
and Meckel's cartilage. The slight want of uniformity in the shape of 
Meckel's cartilage on the two sides may be merely an individual varia- 
tion. Certainly this cartilage is essentially symmetrical. The line 
passing through the middle (third) brain ventricle and between the 
lobes of the tectum and cerebrum I have assumed to lie in the sagittal 
plane in a normal fish of this stage. This plane, represented in projec- 
tion in the figure by the two ends of a fine line, cuts lengthwise the 
fused trabeculae, dividing the mass at the anterior end, which is to be 
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the future ethmoid, nearly into halves. The line falls midway between 
the two arms of the trabeculee, where they diverge to allow space 
for the pituitary body. lu front the ethmoidal mass overlaps slightly, 
on either side, Meckel's cartilage a little behind its points of sharpest 
curvature. 

In the flatfishes there is no distinct " tentorium," or tegmen cranii, 
extending backward from the ethmoid to roof over the front part of the 
brain case, as there is in the salmon. 



b. Stage IL. 

Between Stages T. and II. there is an interval of six weeks and the 
manner of diflerentiation of the many cartilages and projections found 



trh. su^orb. dz. 



irb. su^orb. s. p. 



-' trh. tu^orb. s. a. 

., ms^eth. 

-- i'cii. eth, s. 

.- ec'efh, 

, . crt. orb. a. 



. 4 oa-ky. 



I crt. mk. 



Fig. a. 

Oblique view of the facial cartilages of P. americanus, Stage IL Photographed 
from a wax model (Bora's method) seen from a point midway between sagit- 
tal and transverse planes and about 30*^ above the horizontal plane, x 75. 

For meaning of lettering, see Abbreviations under Explanation of Plates. 

in Stage II. (Fig. A and Plate 2, Fig. 10) cannot be traced here. 
Figure 10 is a dorsal view of the facial cartilages of this stage. But, 
as it gives a less complete view than the model of the same specimen 
(Fig. A), I call attention to the two supraorbital bars only — the com- 
plete one on the right (trb. su'orb. dx.), fastened to the right ethmoid 
wing, and the two parts (a, and p,) of the left one, between which is 
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the space through which later the eye must pass. Figure A is from 
a photograph of the raodel of the front part of the cartilaginous cra- 
nium of a 3.5 mm. fish, viewed obliquely from the front, the right side, 
and above. The line of vision makes an angle of about 30 degrees with 
the horizontal plane. MeckeCt cartilage no longer forms a simple bow 
lying in the horizontal plane. The anterior end is curved slightly ven- 
trad, and the bar of either side in passing backwards bends sharply 
ventrad to join, nearly at right angles, a series of cartilaginous masses 
(Fig. A hy-md.) representing the future quadrate, articular, symplectic, 
and hyomandibular bones. In cross section these cartilaginous masses 
have, in general, the form of an elongated oval, the axis of which in- 
clines dorsad and mesiad ; the ventral margin is slightly thicker than 
the upper. The space occupied by each separate cartilage in this series 
is not indicated in the models, though in the sections the boundaries 
can be determined by the presence of the connective-tissue sheaths which 
limit the cartilages. 

The pterygopalatine bars (pt-pcU.) extend ventrad and caudad from 
each side of the ethmoid to the quadrate region (compare also Fig. 10). 
At this stage the fish has a very small gape. The hyoid and gill-arch 
cartilages are present in their general shape, occupying most of the space 
between the right and left hyomandibular-quadrate masses, and ending 
in front just beneath the body of the ethmoid in the basi-hyal (ba^hy). 

From the ethmoid mass arise also the supraorbital ban. These, in 
the salmon, extend backward from the ethmoid, curving upward and 
outward above the eyes, to the heavy cartilaginous mass of the otic cap- 
sules. In the flatfish of this stage, as shown in the reconstruction, 
there is but one complete supraorbital bar (the right), the left being 
represented by two remnants, an anterior and a posterior ; the anterior 
(trb. su*orb. 8, a.) is a process extending backward from the dorsal left- 
hand comer of the ethmoid ; the posterior {trb, su^orb, s, p.) extends 
forward from the left otic capsule. It is through the space between 
these two projections that the left eye migrates. While, as yet, there 
is no external sign of an asymmetrical position of the eyes, internally 
preparations for such a condition are clearly established, for the middle 
portion of the left supraorbital bar has disappeared. 

I have sectioned only a few individuals of P. americanus in which the 
left supraorbital bar is stil) continuous, and even in them at the region 
corresponding to a transverse plane passing through the middle of the 
two eyes the bar is so reduced in thickness as to show in cross section 
only one or two cartilage cells. 

VOL. XL. — NO. 1 2 
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Since Bothus spawns in May, I was able to get specimens which were 
certainly not more than one month old. The one shown in frontal sec- 
tion in Figure 14 (Plate 3) was 2 mm. long. However, as P. america- 
nus grows much more slowly than Bothus, it is not possible to compare 
ages on the basis of relative lengths. In Bothus at this stage both 
supraorbital bars are present and there is as yet no sign of reduction in 
either of them. In the sinistral flounder (Bothus) it is, of course, the 
right supraorbital bar which disappears to give passage for the eye, 
whereas in P. americanus it is the left. Since in the middle of the bar 
its plane slants inward and downward, and since the bar in its course 
from ear capsule to ethmoid is also slightly convex dorsally, it is evident 
that no one section in any plane could show the whole bar. Both bars 
extend over the eyes, as can be seen from the position of the dotted 
lines shown in the figure (Plate 3, Fig. 14), which represent the location 
of the eyes, as seen in a more ventral section, accurately projected upon 
the plane of this section. 

Appearances of degeneration in P. americanus taken after June 1 
are rare. The youngest fish must be at least six weeks old at that time, 
aud only the most nearly symmetrical of the smallest fishes sectioned 
show any trace of the left supraorbital bar, either normal or degenerat- 
ing. Figure 15 (Plate 3) shows the appearance, in frontal section, of 
the anterior degenerating end of the posterior remnant in P. americanus 
at Stage III. a, extending forward from the region of the ear capsule. 
The whole section of the bar has been drawn, so as to show the diflference 
in appearances at the two ends. The cell bodies (clcrt.) at the anterior 
end of the bar are much shrunken and the intercellular ground sub- 
stance has for the most part disappeared. The nuclei are much crowded, 
have lost the characteristic form seen in most normal nuclei, and are 
angular and dense in appearance. 

The degenerating portion of the cartilage is darker than the un- 
changed cartilage cells next to it. The connective-tissue sheath {tu. 
co'nt. in,) around the cartilage is, however, persistent and can be 
traced to the ethmoid. 

In this specimen there is a coagulum filling the space in which the 
degenerated portion of the cartilage bar formerly lay. The presence of 
this coagulum is easily accounted for on the assumption that the sheath 
has retained the material resulting from the degeneration of the carti- 
lage cells, and that the killing fluid has caused it to be precipitated. 
This condition is similar to that observed by Loose ('89) in the resorp- 
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tion of cartilage in the tail of the tadpole. In that case, according to 
Loess's interpretation, it was the chorda sheath which restricted the 
diffusion of some of the products of the degenerating cells. He, too, 
found that the intercellular substance was the first to disappear in 
resorption. 

Whether the cartilage nuclei, when set free by the disintegration of 
the intercellular substance, degenerate completely, or join the nuclei of 
the connective tissue, I cannot determine. There is much resemblance be- 
tween the compact nuclei of degenerating cells and those of the sheath. 

Since the bar disappears first in the middle region, there are, for a 
short time, two degenerating regions, one which will end at the ethmoid 
and the other at the persistent stub in front of the ear capsule. The 
location of these will be evident by reference to Plate 2, Figure 10 {trb, 
su'orh, s, a. and /?.). 

When in P. amerioanus the frontal of the eyeless side is formed, its 
main body takes the position of this posterior stump of the left supra- 
orbital bar. It is significant that there is no more space provided by this 
degeneration than is barely necessary for the ready passage of the eye. 

The body of the ethmoid is very irregular in shape. Besides the two 
wings with which the supraorbitals are connected, there is a median 
elevation in the sagittal plane of the fish {ms'eth.y Fig. A), and a forward 
knob-like projection (crt. orb. a.) in the same plane. The two olfactory 
pits lie just in front of the wings of the ethmoid, and the olfactory nerves 
pass to them through the two deep notches (i'cis. eth. dx, and «.) seen 
on the dorsal surface of the cartilage. The right nerve passes between 
the supraorbital bar of the right side and the median elevation ; the 
left nerve between the left supraorbital stub and the median elevation. 
In this left notch the superior oblique muscle of the left eye takes its 
origin, and in some cases the superior oblique muscle of the right eye 
has its origin also close to that of the left eye, therefore at the left of the 
sagittal plane. 

e. Stage III a. 

Figure B is photographed from the model of the cartilages of a fish of 
Stage III. (Plate 1, Fig. 2), where the left eye could be barely seen pro- 
jecting over the top of the head as the fish lay on its left side. The left 
wing of the ethmoid cartilage {ec^eth. «.) has no longer any trace of the 
projection representing the anterior portion of the left supraorbital bar. 
The posterior portion of the bar (trh, tulorh, «. p,) projects forward from 
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the ear capsule Bubstantially as in Stage II., there being just room for 
the eye — now, of course, increased in size — to pass between the front 
end of it and the ethmoid. The right supraorbital becomes a little 
more arched as the fish increases in depth. The wings of the ethmoid 
extend out from the mid-line farther proportionally and are more flat* 
tened antero-posteriorly. Upon the surface of these wings of the eth- 
moid cartilage the ect-ethmoid bones, or pre-frontals, are later formed. 

irh. XH'orfi s. p. T'/.T. ftu. dr. 



trb, tu^orb. di\- 



— ^for. olj 9. 
\'7rt. arb. a. 



crt. mk. dx,l 



Oblique view of the facial cartilages of P. amei-icanuSf Stage III. Photographed from a 

model, as in the case of Fig. A. X circa 75. 
For meaning of lettering, see Abbreviations under Explanation of Plates. 

The gape has been greatly increased by the growth in length of all 
the facial cartilages, but these have not increased in diameter propor- 
tionately. The pterygo-palatine bars, which from the first support the 
upper jaw, in lengthening have come to lie nearly parallel to Mockers 
cartilage, and their articulation with the quadrates is so far posterior 
that the one of the left side alone falls within the region modelled. At 
this stage these cartilages are in some instances so reduced in diameter 
toward their posterior ends, as to show in cross sections only one cartilage 
cell. A process from the left wing of the ethmoid has fused with the 
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median region of the ethmoid, thus bridging over the left ethmoid notch 
and leaving between the mes-ethmoid and the region of the anterior end 
of the right supraorbital cartilage an orifice i^for, olf. «.), which corre- 
sponds to the notch on the right. In other specimens I find that both 
wings of the ethmoid have sent out processes to fuse with the mes- 
ethmoid, thus converting both notches into foramina for the passage of 
the olfactory nerves to their capsules on the front of the ethmoid. 

In this model a bent wire is inserted into the mes-ethmoid in the median 
plane to aid in locating the position of that plane, — the plane in which 
the future interorbital septum is to develop. There is as yet no trace 
of this septum in the specimen modelled ; but Figure 18 (Plate 4) shows 
a cross section of the head of a fish (P. americauus) of this stage^ which 
does indicate the position of the future interorbital septum. The fine 
vertical lines outside the figure represent the projection of the sagittal 
plane of the fish. A small bar of cartilage {arc, eth, m.) is seen in cross 
section above the mes-ethmoid. Traced anteriorly a few sections, this 
fuses with the ethmoid. Traced posteriorly it soon unites with the 
thin fused trabeculse cranii not far from where they pass over into the 
ethmoid. It is, then, a slanting bar, or arch, from near the anterior 
end of the trabeculaB cranii to the posterior face of the ethmoid. In an- 
other specimen (Figure C\ p. 24) this arch has become larger and ap- 
pears as the forward prolongation of the trabeculae {trh,). In the space 
beneath this arch lie the oblique eye muscles, two of which (the right 
and lefl inferior oblique) appear in Figure 18. The same figure shows 
that the migrating eye may exert pressure directly on the cartilage, for 
the left eye-ball is indented by the left wing of the ethmoid. 

In another specimen of this stage, which had lost the migrating eye 
in the process of turning, there were certain peculiarities worthy of con- 
sideration. This fish, too, had a well-developed median arched cartilage 
en the posterior face of the ethmoid. The right superior oblique muscle 
had its origin at the angle produced by the junction of the arch and the 
body of the ethmoid. The inferior oblique was attached lower, at the 
angle made by the union of the ethmoid and the trabeculae. The pos- 
terior face of the ethmoid is the usual place of attachment for these 
muscles, though a specimen of B. maculatus had both the inferior and 
superior oblique muscles attached on the median arched bar. The most 
noticeable peculiarity of this specimen was shown in the origin of the 
supraorbitals. As I have said, there was no eye present on the left 
side. The anterior end of the left supraorbital bar still persisted in this 
specimen in the form of a stub projecting backward and slightly upward 
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from the left wing of the ethmoid, though unmaimed indiyiduals whose 
cartilages were otherwise in a like stage of advancement showed no 
traces of it. Furthermore, the stub, instead of disappearing bj a grad- 
ual reduction of its diameter in the region midway between the ethmoid 
and the ear-capsule, through which the eye normally passes, preserved 
the bar-like shape — the flat side being directed towards the top of the 
head — until its abrupt disappearance behind the middle region of what 
should have been the path of the migratory eye. Both supraorbitals, 
instead of being backward extensions of the wings of the ethmoid, as in 
most other specimens examined, took their origin from a mes-ethmoid 
enlargement which extended backward directly above the median arck 
that indicates the position of the future interorbital septum. In this 
specimen there was, therefore, a suggestion of a tegmen cranii, such as 
has been described by Parker for the salmon. This, instead of being a 
complete roof, however, was a comparatively narrow plate of cartilage 
which extended backward toward the brain region. 

In describing the model of Stage II., a prominence (Figure A, art. 
orb. a.) on the front face of the ethmoid was mentioned. This prom- 
inence is really a separate cartilaginous mass, resting in a socket of the 
ethmoid. There is also a pair of small labial cartilages in front of and 
below this plate ; but owing to their small size and the difficulty of pre- 
serving small detached processes on the wax plates, they have been 
omitted from the models. In Stage III. this large cartilaginous mass 
has become rounded and projects further forward from the body of the 
ethmoid. Its future history will be given in connection with the de-> 
scription of the most advanced stage modelled (Figure D). 

d. Stage Illh. 

The forms of the cartilages change very rapidly at this stage of 
development, and it is with some difficulty that one finds a cranium 
exhibiting a condition intermediate between Stage III a (Fig. B) and 
Stage IV. (Fig. D), which shows the completely twisted head. How- 
ever, I found one fish, larger than many of the recently metamorphosed 
specimens, which I have designated as Stage III h^ to distinguish it 
from the more common condition just described as Stage III a. 

In this specimen (Figs. C and C) the left eye lies in the sagittal 
plane, even though the fish is 15.5 mm. long, the eye usually being 
transformed when the fish reaches a length of 13.5 to 14 mm. There 
is no trace of the left supraorbital bar. The right supraorbital {trh. 
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iu'orh. dx.), as but now described for the specimen that had lost the left 
eye, is the backward extension of a plate of cartilage which connects the 
right ect-ethmoid with the median mes-ethmoid arch. This flattened 
anterior portion of the right supraorbital cartilage corresponds to the 
tegmen cranii of the right side of the head in the salmon. The median 
mes-^thmoid arch is, at its anterior end, fused to this plate or partial 



trb. iu'*orb, dz. irb. 
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Fio. C. 

From photograph of wax model of the facial cartila^s of a large specimen of 
P, americanus intermediate between the stages shown in Fig. B. and 
Fig. J). Viewed from a point nearly in front, only a little to the right of 
the sagittal and a Little above the horizontal plane, x 45. 

For meaning of lettering, see Abbreyiations under Explanation of Plates. 

tegmen, but from the short region of fusion backward for some distance 
the two cartilages are merely crowded closely together, a distinct line 
of perichondrial connective tissue being found between them. The car- 
tilages then diverge, as may be seen in Figure (7', and the median mass 
continues backward as the fused trabecule cranii, while the higher, lateral 
portion, the right supraorbital bar (trb. suWb, dx., Figs. C and G'), 
passes upward and backward to the ear capsule. 
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In older specimens this right supraorbital begins now to disappear, 
the disappearance progressing from behind forward as the ensheathing 
ocular-frontal takes its place and function. The remnant of this carti- 
lage {ham. eth.), as it appears at a later stage, when it has been forced 
into the horizontal position (vertical as the fish lies on its side), is shown 
in Figure D. There is no longer a region of close appressioD without 

trb. m^orb. dx, ec*^fh, a 
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ba-kjf. 




crt, mk. 



Fio. O, 

Same model as that shown in Fig. C, yiewed obliquely from right side and 

behind. A probe is thrust through the right olfactory foramen. X 45. 
For meaning of lettering, see Abbreviations under Explanation of Plates. 

fusion between it and the median arch, but the hook arises directly from 
the arch. 

In Figure C a bristle is shown passing through the left olfactory for- 
amen, to indicate the axis of the opening, which now is not parallel to 
the longitudinal axis of the fish, — as the right olfactory foramen still 
is, — but makes with it an angle of about 45 degrees, being directed 
caudad, mediad, and dorsad. In Figure 0' a white probe marks the 
position and direction of the right opening. 
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There is also indicated at this stage a beginning of the forward rotation 
of the dorsal margin of the ect-ethmoid cartilages about a transverse axis 
passing through them. The end of the bristle (Fig. O) over the trabec- 
ulse cranii is, therefore, not greatly posterior to the outer end, which is 
seen against the left pterygo-palatine as a background. The final result 
of this rotation of the ect-^thmoids about the axis connecting them is to 
make the axes of both foramina transverse instead of longitudinal. Con- 
sequently in an oblique view from the right side, as in Figure i>, one is 
looking at the olfactory foramina from that face of the ect-ethmoids 
which at an earlier stage (Figs. Ay B) was directed posteriad. Instead, 
therefore, of seeing the ends of the olfactory nerves which are distal to 
the foramina, as would be the case if the cartilages were viewed from 
the same direction at an earlier stage (Figs. A^ B, and C) one would 
now see their proximal ends. 

A twisting of the ethmoids (in a clockwise direction when viewed 
from behind) about the antero-posterior axis of the fish, greater than is 
indicated in Figure (7, results in the further elevation of the ect-ethmoid, 
olfactory foramen, and pterygo-palatine of the left side, while the supra- 
orbital, the ect-ethmoid, the olfactory foramen and the pterygo-palatine 
of the right side are correspondingly depressed. 

e. Stage IV. 

The oldest facial regimi modelled (Fig. D) — that of a small fish 
(Plate 1, Figs. 5, 6) having the eyes in the adult position — represents 
my Stage IV. 

The eyes are located one on each side of the fiat hook-like plate of 
cartilage (Fig. i>, ham. eth,) which, with the previously mentioned 
median arch {arc. eth* m.), runs back along the morphologically median 
plane (the plane between the eyes). The iuterorbital septum of con- 
nective tissue is continuous with these two cartilaginous processes, filling 
the space between them and extending thence backward. That this 
occupies the morphologically median plane, is proven by the position of 
the olfactory nerves, which lie one on each side of this septum. Ante- 
riorly the left nerve passes through the opening (for, olf. 8,) seen in the 
left (now upper) wing of the ethmoid and ends in the nasal capsule, 
which lies immediately in front of it. The right nerve comes from be- 
low the hook-shaped cartilage and passes through a foramen (for, 
df dx,) in the anterior part of the ethmoid to the right nasal capsule, 
which is located somewhat in front of the ethmoid and near the anterior 
end of the right pterygo-palatine. 
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The external 9pening of the left nasal pit is about 30® higher in 
Stage IV. (Fig. 5) than in Stage II. (Fig. 4). 

The superior oblique muscles of the eyes have their origins at or near 
the junction of the median arch with the mes-ethmoid. The inferior 
oblique of the right eye is attached to the ethmoid on the dorsal (mor- 
phologically left) side of this median arch and that of the left eye im- 
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Fio. D. 



Obliqoe yiew of the facial cartilages of P. americanut. Stage IV. Viewed from the same 

direction as in Figs. A. and B, X 70. 
For meaning of lettering, see Abbreyiations under Explanation of Plates. 

mediately behind that of the right. The large passage * between the 
ethmoid in front, the median arch at the right (morphologically dorsal), 
and the trabeculsB cranii at the left (ventral) shown in Figures C and D 
has therefore in the growth of the cartilage been left to accommodate 
the oblique eye muscles, just as the olfactory foramina in the ethmoid 
were left because of the presence of the olfactory nerves. 

The now ventrally projecting right ect-ethmoid partially hides in a 

1 This passage is seen in Figure C" directly above the pointed end of the probe 
inserted through the riglit olfactory foramen ; it is indicated in Figure /> by a 
triangular area at the right of the dotted line, arc. eth, m. 
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lateral view the pterygo-palatine of its own side. The pterygo-palatine 
(Fig. D) ends abruptly at its posterior end, since the membrane bones 
which are to supersede it in supporting the upper jaw are already de- 
veloped there. 

The left pterygo-palatine {pt-pcU, s.) is visible in Figure J) only in 
the region between the left ect-ethmoid and the cartilage sphere (crt. 
orb^ a.) in front of the ethmoid. This terminal spherical mass of car- 
tilage {crt orb. a.) can be traced to its position in the adult skull. In 
a fish two inches long the ethmoid cartilage had pushed its way under 
this spherical cartilage, which had elongated in antero-posterior direc- 
tion, but was still located between the nasal pits. I regard it, there- 
fore, as the cartilage which forms in the adult the median anterior por- 
tion of the single orbit in which the left eye is to be found. The nasal 
bones lie on either side of it, and the rest of the orbit is made up of the 
right frontal, the left frontal and the left pre-frontal, or ect-ethmoid, 
bones. 

By comparing the position of the olfactory openings in Figures, B, C, 
and D, it is plain that there has been a twisting of the ethmoid region 
from left to right, through an arc of 90 degrees. The line joining the 
centres of the ect-ethmoids in Figure B is horizontal, whereas in Figure 
C it makes with the horizon an angle of more than 30 degrees, and in 
Figure D is vertical. But with this twisting about the longitudinal 
axis the plane of the ethmoids has also revolved from a transverse 
position into one nearly coinciding with the sagittal plane, — possibly 
due to the pressure cailsed by the increase in the size of the eyes, — so 
that the axes of the olfactory foramina, which at first were parallel to 
the long axis of the fish, now pass from right to left. Accompanying 
these torsions, there has been a shifting in the relative positions of the 
olfactory foramina and surrounding cartilages till those of the right side 
are considerably in advance of those of the left. It is, however, the twist 
about the longitudinal axis which makes the migration of the eye seem 
rapid. This occupies in my experience not over three days, and accord- 
ing to Nishikawa ('97) it was completed in the fish which he observed 
in twenty-four hours. 

The whole of the cartilaginous system of the facial region has been 
supported up to this time by two cartilage rods, the fused trabecules 
cranii (trb., Figures A- J); Plate 1, Fig. 7 ; Plate 2, Fig. 10; Plate 3, 
Fig. 1 7) and the right supraorbital bar (trb. su^arb, dx., Figures A-D ; 
Plate 2, Fig. 10 ; Plate 4, Fig. 18). 

The twisting is greatest in the optic region, the brain case showing 
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little of it, and the anterior part of the ethmoid, as Been by the final 
position of the anterior ends of the pterygo-palatines, having turned 
not more than 45 degrees. 

In the turbot, according to Traquair ('65, p. 276), the nasal region is 
nearly normal in position, the sagittal plane of the anterior part of the 
head nearly coinciding with that of the body. 

f. Comparison of Bothus with Pseudopleuronectes americanus. 

The nearest representative in American waters of the sinistral turbot 
is Bothus, the sand-dab, and I shall now compare briefly its turning 
with that of P. americanus. The sand-dab is much deeper than the 
flounder, but being thinner, though of the same length, it weighs about 
the same as that fish. Its translucency has gained for it the name of 
window-pane. 

Traquair's statement that the turbot is less unsymmetrical than the 
plaice holds as truly here, the sand-dab being less distorted than the 
winter flounder. The mouth is straight and the length of the jaw on 
the ocular and eyeless sides is more nearly equal. The mouth is much 
larger and the gape greater than that of the winter flounder. The nasal 
pits are very nearly symmetrical, that of the right side being, however, 
a little the higher (Plate 3, Fig. 13). The transposed eye is not at all 
posterior to its mate, as is the case in P. americanus. The dorsal fin in 
this species reaches forward entirely past the right eye (Plate 3, Figs. 13, 
16, crt. pin, <L). After the passage of the eye, the bases of the fin rays 
arise nearly over the right wing of the ethmoid. 

The ethmoid is relatively a much more slender cartilage in Bothus 
than in P. americanus. The cross section of its anterior end (Plate 3, 
Fig. 13) has the shape of an inverted letter T, and its dorsal margin is 
turned not more than 20 degrees to the left from the sagittal plane. In 
the posterior region (Fig. 16) the ethmoid is turned about 45 degrees. 
The relation of the cartilage marked trb. su'orh, s, to the ethmoid mass 
in Figure 16 indicates the angle, though the median bar itself is farther 
forward. The wings of the ethmoid fuse to the median bar in a peculiar 
way. The right wing (ec'eth. dx. Fig. 13) points toward the rays of the 
doi-sal fin which lie next it. It does not connect with the basal part of 
the ethmoid directly, but merely with the median upright part. The 
left wing has a process running anteriorly into the region of the lip 
at the level of the basal part of the ethmoid, with which this wing is 
fused. It then passes around the olfactory nerve of its own side, be- 
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comiDg much thinner as it does so, and unites with the upright bar. 
Thus the foramen for the left nerve (/. «., Fig. 16) has a very thin outer 
wall, while for the right olfactory nerve (/ dx,y Fig. 16) there is no 
foramen. The olfactory nerves pass under the wings of the ethmoid to 
the capsules, which are located on the front faces of the wings. 

Since the head of Bothus is less unsymmetrical than that of P. ameri- 
canus, there is a corresponding difference in the conditions of the supra- 
orbitals. The right supraorbital (Fig. 1 6, trh, su*arb. dx,) is crowded over 
until it comes to lie directly over the median bar of the ethmoid, which is 
continued backward into the interorbital septum. There it persists for 
a distance equal to nearly one-half the diamete rof the eye in all the 
specimens of Stage IV. (Bothus) which I have sectioned. It should be 
said that Bothus reaches this turned stage at a much earlier age than 
does P. americanus. 

The left supraorbital is proportionately of larger diameter than the 
persisting supraorbital in P. americanus, and it also lies nearer the mesial 
arch, with which it is often connected. Such a connection sometimes 
occurs in the winter flounder, the condition of which has been previously 
described. 

In the older specimens there is no separate supraorbital, but the 
upper end of the upright mesial cartilage bears a wedge-shaped enlarge- 
ment on the side toward the left eye (Plate 3, Fig. 16, trb. su'orb. «.). 
When, in the more posterior sections, the mesial cartilage ends, this 
enlargement persists, and can be followed until it reaches the ear region, 
thus showing that it is the supraorbital cartilage. The cartilage form- 
ing the mesial arch is heavier and extends farther back between the eyes 
than in P. americanus. The result is as if some of the. space between the 
hook and the trabecular cartilage in Stage IV. of P. americanus {ham, 
eth,, Fig. 2>) were filled out solid, and the whole plate were thickened. 

In the transformation of the cartilaginous skull into the typical 
condition of the adult teleost, the skull bones, as is well known, may be 
formed (1) by ossification in the subcutaneous fibrous tissue (paros- 
tosis), or (2) by ossification between perichondrium and superficial 
cartilage cells, gradually replacing both by bone (ectostosis). There are 
no dermostoses, and, as in the case of the salmon (Parker,' 73), I saw no 
indications of endostosis. Of the bones directly involved in the turn- 
ing, the frontals originate as parostoses and the pterygo-palatines and 
pre-frontals as ectostoses. 
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g. Discussion of Pfeffer^s Work. 

I have purposely omitted, up to this point, any comparisons with 
Pfeffer's work. He is the only author I have found who deals with the 
twisting in the larval PleuronectidsB from other than the external point 
of view. Unfortunately, he does not give the name of the species on 
which his statements are based, nor are his papers illustrated. 

In his earlier article ('86, p. 4) he describes the general conditions to 
be found in very young Pleuronectidae. The general topography is 
that of other young fish. The eye sockets — separated below by the 
sphenoid [trabeculse cranii ?], above by the " Zwischenaugen-Decke " — 
communicate freely with each other in the intervening region. In the 
interorbital and ethmoid regions there is a vertical ridge-like dermal 
bone, having in cross-section the form of an elongated triangle, and sup- 
porting the dorsal fin, which, in Pfefier's specimens, reaches to the eth- 
moid. This bone is still free from the cranium^ and is the frontale 
principale of authors. 

The bulbus olfactorius, which at first is lodged in the " Zwischen- 
augen-Decke," becomes crowded backward into the brain capsule. The 
" Interorbital-Decke " [supraorbital bar?] is bent out toward the eye 
side and twisted somewhat on its long axis, so that its transverse axis, 
previously horizontal, now becomes oblique, slanting downward and out- 
ward toward the ocular side, while the chief part, which was vertical, is 
mostly resorbed by the migrating eye. As a consequence there now re- 
mains between the migrating eye and the surface of the head on the 
ocular side only the thin, glass-like, scarcely perceptible outer skin 
which previously covered the dermal bones. At the same time the der- 
mal bone known as the frontale principale has grown fast to the inter- 
orbital roof-piece, and its course, at first straight from the median crest 
of the brain capsule to the ethmoid, now makes a great bend. Only its 
basal part, in the form of a broad band remains, while the vertical (and 
at first the larger) part has been resorbed. The upper part of the wing 
of the ethmoid on the ocular side has fused with the fronto-orbital, and 
the upper part of its outer margin is continuous with the now develop- 
ing supraorbital cartilage or bone, while the wing of the eyeless side 
remains free on all sides, not forming any connection with the supra- 
orbital of its own side. 

This description of the relations of the wings of the ethmoid to the 
supraorbitals resembles the condition which I have found in Stage 
III a of P. americanus (Figure B, pp. 19, 20) ; but in P. americanus and 
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in Bothus the dermal frontal is not yet present in the region through 
which the eye passes, and therefore cannot be resorbed. At Stage IV., 
f . e^ after the migration is practically completed, there is to be found in 
P. americanus imder the surface of the skin behind the eye region a thin 
plate of bone, which I take to represent the left frontal. The supra- 
orbital cartilage of the side from which the migrating eye comes lies in 
the region to which Pfeffer assigns the degenerating frontal in his 
species, and we have seen that this bar is resorbed. Perhaps in his 
species the dermal bone (frontal) is formed relatively earlier than in 
P. americanus. 

Pfeffer's statement that the transposition of the eye is accompanied 
by a rotation on its own axis through an arc of 180 degrees is not quite 
correct for our species. The arc in P. americanus varies slightly in dif- 
ferent individuals, but is approximately 120 degrees. 

Neither will his theory of the formation of the ^^ Rnochenbrticke " fit 
the facts in Pseudopleuronectes. His argument (p. 8) is that when the 
frontal bone of the blind side changes its position, dermal bone is pro- 
duced, not only over it in its new position, but also in the region of the 
integument beneath which the frontal was originally located, the latter 
dermostosis being known as the '^ Briicke." In our species at least, the 
frontal, when once formed, does not change its position. So its onto- 
genetic location does not explain the formation of the '' Briicke." 

In Pfeffer's more recent paper ('94) he states, as before, that very 
young symmetrical Pleuronectidae have cartilaginous crania. The " In- 
terorbitalbalken " [Interorbital-Decke 1] twists on its long axis, its dorsal 
fd^gQ toward the future ocular side. One eye moves downward while the 
other comes to lie upon the " Interorbitalbalken." If any sheathing 
bone is already formed on the '' Interorbitalbalken," the elevated eye 
resorbs the part of the bone which is in its way. Then, on the side of 
the upper eye corresponding to the blind side of the adult fish there 
is formed a bony orbit, which fuses with the gradually developing dermal 
bones, so that the skull of such an individual leaves the false impression 
that the eye has traversed some of the bones of the skull. 

The upper eye does not, according to Pfeffer, travel around to the 
other side of the skull, but ascends only a little, until on a level with the 
part of the skull between the eyes ; however, from this time forward it 
looks in the direction of the ocular side. At the same time the thin 
piece of skin (" Korperhaut ") now separating the cornea from the outer 
world, disappears. 

In regard to the last point, I may say that in both species I find a 
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layer of epidermis over the corneas of both eyes in the oldest fishes which 
I have sectioned, as indeed one would expect ; so that Pfeffer's statement 
apparently would have been more accurate if he had said '' Lederhaut " 
instead of " Korperhaut." 

Unless the conditions in the species described by Pfeffer are totally 
different from those found in P. americanus and Bothus, Pfeffer has not 
distinguished between the cartilaginous supraorbital bar, which may be 
in direct connection with the cartilaginous wings of the ethmoid, and 
the dermal frontal bone, which fuses with ectostotic bone-tissue formed 
on the wings of the ethmoid. 

h. Besumi, 

The twisting which takes place in the ethmoid region of the skull of 
Pleuronectidae can best be explained by reference to the three mutually 
perpendicular axes of the head of the symmetrical young. There are 
two important torsions of about 90 degrees each. The most evident 
change (incidentally described by those who have discussed the migra- 
tion of the eye) is that twisting of the ethmoids which can be rep- 
resented by the revolution of the horizontal transverse axis until it 
approximately coincides with the original dorso-ventral axis. 

The second change (limited to the upper part of the ethmoid mass) 
results in carrying the dorsal end of the dorso-ventral axis fcn-ward, 
so that it coincides with the longitudinal axis of the head. This change 
is probably due to growth along the anterior face of the ethmoids and 
resorption of the posterior dorsal margin, which is pressed upon by the 
eyes, or to a gradual displacement of the cartilage, due to the pressure 
referred to, without absorption. 

In Pseud opleuronectes there is a further complication due to a slight 
retrocession of the parts on the eyeless side, amounting to about 30 de- 
grees. This obliquity does not exist in Bothus. 

The changes which have been described in the head of the flounder 
all take place in the cartilaginous skuU, ossification occurring only after 
the shifting is complete. Therefore I cannot accept Pfeffer's view that 
a portion of the ** froutale principale " lying in the path of the migrating 
eye is resorbed. The history of the two supraorbital cartilages links to- 
gether to some extent the cartilaginous and bony conditions. The 
supraorbital cartilage bar next the migrating eye (the left in P. ameri- 
canus, the right in Bothus) degenerates in its middle region, and the 
eye is carried through the gap thus made by the unequal growth of the 
facial cartilages of the two sides. 



Digitized by CjOOQ IC 



WILUAMS: MIGRATION OF EYE IN PSEUDOPLEURONECTES. 33 

Later the eclrethmoid of the '' blind " side is formed as au ectostosis 
around the cartilage of that wing of the ethmoid and sends back a 
process along the line which the supraorbital cartilage had occupied. 
This meets and fuses with a forward process of the frontal of that side, 
thus forming the **BrVLcke" which becomes in the adult fish the most 
voluminous bonj support of the nasal region. 

The supraorbital of the other side keeps its connection with the ear- 
captule much longer. Since the non-migi-ating eye moves downward to 
only a slight degree, the supraorbital has small space for movement to 
evade the pressure of the tissues in front of the migrating eye. So we 
find, in the latest stages in which this supraorbital appears at all, that 
the structures of the median plane have been crowded over upon the 
supraorbital and that this now appears as the cartilage " hook '' (ham. 
eth.f Fig. B), which extends backward between the eyes and is at this 
time the chief tissue separating them. 

In Bothus each frontal bone, when formed, sends forward a slender 
process between the eyes, but in P. americanus the process arises from 
the frontal of the ocular (right) side only. 

V, The Optio Portion of the Central Nervous System. 

1. General Condition in the Adult. 

If the brain of the cod be taken for comparison, the axis of the cerebro- 
spinal part of the nervous system of P. americanus shows bendings that 
seem not to exist in the cod. There is in the spinal cord a bend which 
is convex upward (dorsad) and is apparently induced by the size of the 
digestive organs. In front of this, in the region of the medulla, occurs 
a bend which is convex ventrad (Plate 1, Fig. 6). Finally there is 
also a decided bend which is convex towards the eyeless side (Plate 2, 
Fig. 11). The muscles of the eyeless side being less developed, that side 
is more nearly flat than the ocular side, which is convex. 

Figure 8 (Plate 2) is a dorsal view of the brain of a fish (P. ameri- 
canus) three inches long. The curves mentioned are not yet empha* 
sized. An evident sign of asymmetry is seen in the inequality in the 
size of the olfactory lobes, that of the right side being much the larger. 
This lobe may, in the adult, have six times the volume of that of the 
left side (compare Fig. 11). The relative sizes of the lobes of the cere- 
brum is different in different individuals. In the specimens shown in 
Figures 8 and 9 (Plate 2) and in Figure F (p. 36) the left lobe is the 
larger ; but in a number of adult fishes the right lobe was the larger. 

VOL. XL. — NO. 1 3 
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The optic lobe of the left side is usuallj cut first in cross-sections, when 
one begins the cutting at the anterior end of the animal, as is plain from 
the relative positions of the two in this specimen (Fig. 8). The course 
of the optic nerve to the transposed (left) eye is shown bj dotted lines 
(//. 8.) in the figure. Its slack condition allows the eyes to be thrust 
upward when the fish is buried in the mud or sand. One or two move- 
ments of the fins will cover a fish with loose sand ; except for the pro- 
jecting eyes, the animal is then entirely concealed. This protrusion of 
the eyes is done by means of the so-called orbital heart. This organ, 
mentioned by Agassiz in his description of the developing flounder, is 
described as the recessus orbitalis by Holt ('M). It is shown in cross 
section at rec. orb, in Figure 18 (Plate 4). 

A side view of the same brain as that shown in Figure 8 (Plate 2) is 
teen in Figure 9, which makes clearer the position of the brain with 
reference to the eyes ; but in the dissection the left eye has been raised 
somewhat from its normal position in order to show the eye muscles 
and the location of the optic nerves, which are purposely shaded some- 
what darker than the surrounding muscles. 

In all the flatfishes which I have examined, the optic nerve from the 
transposed eye is dorsal (anterior) in the chiasma. In -P. americanus 
the right optic tract and the left optic nerve are anterior (dorsal) to the 
corresponding parts of the opposite sides (Fig. 12), whereas in Bothua 
the left tract and the right nerve are anterior (dorsal). 

Figure 11 is drawn from a dissection of the adult fish. The oculo- 
motor nerve (///) supplying the transposed eye passes toward the eye- 
less side before it divides into the four customary branches. The fourth 
cranial nerve (/K) is still more noticeably changed in its direction. In 
the cod this nerve lies near the median plane, at a distance from and 
above the eyeball ; but in the flounder the fourth nerve of the migrat- 
ing eye lies in contact with the eyeball and rests on the dorsal rectus 
muscle. The optic nerve (Figs. 8, 11) also shows before reaching the 
eyeball a bending in the same direction as that which the eye-muscle 
nerves exhibit. These alterations in the directions of the nerves in the 
adult indicate the nature and the place of the transposition which we 
have followed in the larvae, and show that nerves retain throughout life, 
as far as possible, their phylogenetically normal position. I was unable 
to find from my dissections that the flounder, P. americanus, has a cuta- 
neous branch of the fifth nerve. If it has, the nerve must be small. The 
fifth has a mandibular, a maxillary and a superior ophthalmic branch. 
The large ophthalmicus profundus of the cod is represented in the flounder 
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by a few twigs only (V. opt. p^fnd,y Fig. 11). The left superior ophthal- 
mic of the flatfish ( V, opt, «{/.), after emerging from the skull mt\\ the 
rest of the fifth nerve, as in the cod, runs from left to right (Fig. 11) 
through the passage formed by the "Brllcke/' which results from the 
fusion of the posterior angle of the pre-frontal and the corresponding 
anterior angle of the left frontal. It then takes the regular median path 
between the eyes to its distribution on the snout The bone is formed 
around the nerve in its new position after the migration of the eye. 

The seventh nerve in both the cod and the flounder emerges from the 
akull with the fifth. The ninth in the cod lies between the two chief 
roots of the tenth, with which it passes out. In the flounder the ninth 
nerve lies in front of the tenth and passes through the ear capsule to its 
distribution on the hyoid and first gill arch. 

2. The Optic Nerves. 

In the cross-section of a fish in Stage I. (Plate 3, Fig. 17), one section, 
10/A thick, contained the whole length of both optic nerves from the 
blind spot to the chiasma. The blind spot is very near the outer ventral 
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A precisely front view of the fore part of the brain, the optic nerves and 
a portion of each of the optic cups, modelled in wax (Born*s method) 
from a specimen in Stage IIL X 50. 

For explanation of lettering, see Abbreviations under Explanation of 
Plates. 

edge of the retina and iu about the middle of the eye antero-posteriorly. 
Therefore the chiasma is in the transverse plane which passes through 
the middle of the eyes. There is, as yet, scarcely any want of symmetry, 
the left eye being only slightly higher than the rights 
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I have no corresponding illustration of the condition of the optic 
nerv^ in Stage 11^ but a model of the anterior part of the brain and 
the optic nerves of a specimen in Stage III. a is shown in Figure E (the 
anterior portion of the left optic cup has been omitted in the model ; the 
cut surface being indicated by horizontal lines). The left eye is higher 
than the forebrain ; its ventral edge is at the same level as the dorsal 

id. opi. «. 
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n,opt,9. 



ehtnOpL 



Fio. F, 

Front Ti«w of the fore part of the brain, the optic nenres and portions of the 
optic caps in Stage lY. From a model (Bom's method). X 50. 
Compare Fig. E. 

For meaning of lettering, see Abbreviations under Explanation of Plates. 

side of the right eye, and the transverse plane tangent to its posterior 
surface would cut the right eye about midway between its anterior and 
posterior faces. The right eye may have moved slightly ventrad from 
the position which it occupied in Stage I. The slackness of the nerves 
is shown by the curve that they take as they pass forward and out- 
ward. The whole of the midbrain and most of the forebrain have lost 
their earlier position between the eyes, owing to the growth in length 
of the facial cartilages. Figure 9 (Plate 2), a side view of the brain of 
a fish three inches long, shows this antero-posterior separation between 
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brain and eyes fiarther advanced, and Figure 11 (from an adult) shows 
it completed. 

In the essentially adult condition of Stage lY., as shown in a front view 
of the modelled brain and optic nerves (Figure F), the left eye has passed 
so far to the right side that, taking into consideration the high degree of 
mobility of the eye its field of vision almost coincides with that of 
the right eye. The optic nerves curve still more in their passage 
from chiasma to eye, and the distance is proportionately greater. 
The right cerebral lobe {cb, dx.) is seen in the figure between the eyes, 
and the left cerebral lobe (c6. «.) is seen on the right, behind the left 
eye, and below the tectum. The left olfactory lobe is covered by the 
left eye, but the right olfactory lobe — modelled as a continuation for- 
ward of the right cerebral lobe — is seen between the two eyes. The left 
optic lobe {tcL opt. s,) in both these instances (Figures B and F) extends 
farther anteriorly than the right. This is seen in the dorsal view of 
the brain (Fig. 8). This figure also shows why in making cross-sec- 
tions the left lobe of the cerebrum is cut before its olfactory lobe in 
case one begins at the anterior end. 

The optic nerve — round in cross-section in the larvaB — becomes 
thrown into folds in the adult (Plate 5, Fig. 24). This condition is also 
figured by Studnicka ('97) for one of the Pleuronectidsa. The cross-sec- 
tion may show as many as six or seven folds closely pressed together. 
Small neuroglia nuclei are scattered throughout the length of the nerve. 

3. The Chiasma and Traots with belated Ganglia. 

The optic crossing is complete as in all teleosts. There is no inter- 
lacing of fibres, as can be seen in Figure 19 (Plate 4), which is from a 
fish in Stage IV. This is an approximately transverse section, which, 
however, cut the left side of the fish somewhat farther caudad than it 
did the right side. The plane of the section also inclines a little back- 
ward and upward, so that it coincides with the plane of the anterior part 
of the left optic tract, which slants in Figure 19 backward and upward 
on its way to the tectum. The right tract is cut crosswise, nearly at 
right angles to its course. (This is by mistake lettered n. opt. $, in 
Figure 19. Of course, as it is posterior to the chiasma, it should have 
been labeled trt. opt, dx. For the second section anterior to this the 
label n. opt, $, would be correct.) The median, dorsal portion of the 
tract (trt, opt, d,) passes upward through the nidulus corticalis (to be 
described later) on its way to the median portion of the tectum. The 
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external, ventral portion {trt, opt, v,) passes outward and around to its 
distribution on the posterior, lateral, and ventral tectal surfaces. 

The geniculate body (Figs. 20, 21, cp. gnic.) lies in the angle be- 
tween the two portions of the Y-shaped tract, but almost entirely in 
front of their plane. There is some indication of a division of the corpus 
geniculatum into anterior and posterior parts. 

In both Weigert and Congo-red preparations it could be seen that a few 
optic fibres entered the geniculate bodies (Plate 4, Fig. 21). C. L. Her- 
rick ('92, p. 430) found no ending of optic fibres before reaching the 
tectum. This ending has been demonstrated, however, by Mayser (*81) 
in Cyprinoids, by Auerbach ('88) in the trout, by Haller ('98) in Salmo, 
and by Krause ('98), who used Marchi's method for degenerate nerves, 
in Cyprinus auratus. Edinger ('96, p. 126), makes the following state- 
ment for vertebrates. " Im Geniculatum [laterale] endet ein Theil 
des Sehnerven mit m^chtiger Aufsplitterung, und mitten in diese Faser- 
ung tauchen die Dendriten langgestreckter Doppelpyramiden. Das 
mediale £nde dieser Pyramidenzellen splittert auf in einem Zuge, der 
wahrscheinllch auch dem optischen System angehdrt.^' 

I have no Grolgi preparations which show optic fibres actually fibril- 
lating in these bodies. There was, however, in the geniculate bodies 
but one type of cell impregnated with the chrome-silver. This was a 
small unipolar cell (Plate 5, Fig. 22) with a short process ending in 
very thick short fibrillations directed towards the end of the geniculate 
body into which the optic fibres enter. In a single exceptional instance, 
a cell, otherwise like the ones described, had another short but un- 
branched process extending in the opposite direction (see diagram of 
tectum, Plate 5, Fig. 22, cp. gnic). 

Fusari ('87), after a study of Carassius, Macropodus, Anguilla, and 
Lopodogaster, stated that in his opinion fibres from the tractus pass 
through the corpus geniculatum and unite again with the tract to fibril- 
late in the tectum. No preparations of P. americanus indicated such a 
possibility. 

No other bundle of fibres could be found to leave the tract before it 
reached the tectum itself. Mayser ('81) describes a small bundle pass- 
ing into the thalamus at about the point of origin of the paraphysis. 
Auerbach ('88), Mirto ('96), and Haller ('98) also indicate a thalamus 
bundle, and Haller describes a small bundle running to the fore-brain. 
In my opinion Mayser, Auerbach, Mirto, and Haller have mistaken a 
portion of the ventral division of the tract, which bends outward sharply 
in its course to the ventral posterior part of the optic lobes, for a thala- 
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mus bundle. In parasagittal sections the cut ends of this portion of 
the tract appear to be pointing into the thalamus. But no one of these 
authors has described fibrillations or cell endings for this thalamus 
bundle, and the absence of degeneration in Ei^use's experiment would 
indicate that Mayser's thalamus root was non-optic. 

A frontal section (Plate 4, Fig. 20) shows the relation of the thalamus 
ganglia to the tectum. The geniculate bodies lie anterior to the lobes 
of the tectum, and between them are the ganglia habenulse (^. kab.), 
which bound the third ventricle, and are separated from each other by 
the pineal-gland region. A few sections dorsal to the one shown in this 
figure the habenular commissure appears. 

As Haller ('d8) has found in the case of Salmo, the habenulae are 
symmetrical, in the young fish at least. Because of the want of sym- 
metry in older brains it is impossible to obtain single sections in which 
one is certain that the habenulsB are cut in like planes. In a cross sec- 
tion which passes through both ganglia the left ganglion has a greater 
dorso-ventral diameter than has the right, while the right ganglion 
measures more from side to side than the left. 

In Figure 20 the fibres of the two parts of the optic tracts are shown 
in cross-section behind the edges of the geniculate bodies. Also behind 
the geniculate bodies lie large cells which belong to the nidulus corti- 
calis of Fritsch, the " Dachkem " of Edinger and others. 

Since fibres from this nidulus enter the tectum, I will describe its loca- 
tion more particularly in the two Pleuronectidae studied. There are two 
symmetrically placed groups of very large ganglionic cells lying at the 
front part of the tectum j they extend anteriorly from the angle of the 
optic ventricles, where the lobe of the tectum and the axial portion of 
the midbrain meet, to the outer surface of the brain above and outside 
the geniculate bodies. There is no difficulty in identifying the cells 
of the nidulus (nid, ctx,, Plate 5, Fig. 23), as they are pear-shaped and 
many times larger than those of the gray layer of the tectum, into which 
the posterior portion of the nidulus extends. 

The nucleus lies in the blunt end of the pear-shaped cell, at the end 
opposite the coarse cell process. Since these processes gather into 
bundles in the middle layers of the tectum, the nucleated ends of the 
cells are directed towards the surface when the cells are more super- 
ficial, but toward the optic ventricles if they are deep (compare 
Fig. 22). 

There is a similar nidulus, consisting of a few (20-30) even larger 
cells, which lies ventral and exterior to the nidulus corticalis ; it lies 
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posterior to, but in contact with the optic tract This possibly is the 
nidulus anterior of Edinger, though I have traced no fibres from it A 
few cells of this nidulus are shown between the two portions of the tract 
in Figure 19 (Plate 4). 

In one instance I found a cell of the nidulus corticalis which sent a 
fine process, probably a neurite, ventrad with the other fibres of the 
optic tract (Plate 5, Fig. 22). This could be followed nearly to the 
chiasma, but whether it continued to the eye or bent backwards into 
one of the post-optic commissures, I cannot say. 

I can confirm C. L. Herrick ('91-'92) in his statement that the com- 
missura horizontalis (corns, ha., Plate 5^ Fig. 22) arises from the nidulus 
corticalis. The fibres forming this bundle were fine and took the same 
quality of Golgi impregnation as the single fibre just described from 
one of the cells of the same nidulus which passed downward through the 
tractus opticus. The fibres composing this bundle can be followed in 
two or three parasagittal sections to the nucleus rotundum of the same 
side ; they pass through this nucleus, and then turn forward and cross 
to the opposite side behind the chiasma as the horizontal commissure. 

4. The Tectum Opticum. 

Since the tectum is that portion of the brain in which the optic 
tracts terminate, it . should be the place in which the transition from 
sensory to association or motor neurons takes place. 

There are certain points of interest which can be shown from a sur- 
face view. At the anterior ends of the tectal lobes, in P. americanus, 
but not in Both us, there is an exterior furrow or sulcus (sul. tct, opt., 
Plate 2, Fig. 11), much like oue that is found in the cerebrum of simple 
type — in that of a turtle, for example. This gradually disappears toward 
the posterior region of the tectum. Cross-sections in the anterior region 
show that this sulcus is due to a lateral horizontal depression in each 
optic lobe, which divides it into almost equal dorsal and ventral parts. 
The ventral portion of the tractus supplies the ventral half of the lobe 
and the dorsal portion the dorsal half. The geniculate bodies lie in the 
region of greatest constriction of the tectum. 

For convenience, I divide the tectum into seven layers, indicated by 
the numerals 1-7 (Plate 5, Figs. 22, 23), in addition to the membranes 
of the brain, which are the vascular connective-tissue layer (the arach- 
noid, mb, ach.) and, beneath this, a very thin membrane, the pia, to 
which the endings of the ependymal cells reach, and along which is 
found here and there a nucleus. 
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Passing from without inward, the tectal layers are as follows : 

(1) A thin outer layer, composed principally of nerve fibrillations 
with a few nerve cells. In this layer the ependymal fibrillations end. 
A corresponding layer is recognized by writers on the finer anatomy of 
the tectum in the bony fishes, from Stieda ('67) onwards, except by 
Fusari ('87, '96) and Van Gehuchten ('95). Fusari ('87) described a 
layer of vascular connective tissue beneath the pia, and later ('96) his 
first layer of the tectum was made to embrace this vascular layer and 
the optic-fibre layer. 

(2) The layer of the meduUated optic fibres. This is the continua- 
tion of the optic tract and is recognized as a separate layer by all writers 
on the tectum. 

(3) A layer of optic fibrillations. This is not made a distinct layer 
by Stieda (^67), but Mayser ('81) and nearly all writers since his time 
have emphasized its presence. 

(4) A spindle-cell layer. 

(5) The fillet layer, composed of longitudinal fibres and cross com- 
missural fibres. Stieda considered the fibres, which here run in two 
directions, as two layers. C. L. Herrick ('91-92) describes a layer of 
commissural fibres beneath thejUlet connecting the two optic lobes. 

(6) The "gray "layer. 

(7) The reticulate and ependymal layer. Some authors consider 
that this is composed of two distinct layers. The reticulate portion 
is not described at all by Neumayer ('95), Van Gehuchten C95) nor 
Edinger ('96). 

Mirto ('96) based his division of the tectum into layers on the shapes 
of the cells which he was able to demonstrate by the Golgi method. 
Following Cajal's work on the tectum of birds, be describes fourteen 
layers. 

The degeneration methods did not yield much of importance in my 
hands, although the flounder, owing to its habit of protruding the eyes, 
is a favorable fish on which to operate. The animals, even the very 
small metamorphosed fishes, stand the shock of the removal of the eye 
well and bleed very little from the operation. The specimens tried by 
the Marohi method were very brittle, and demonstrated but one point 
clearly, that the sixth (nerve-cell) layer was reduced. Fusari ('96), who 
used the Weigert-Pal staining method on a Cyprinoid, concluded that 
all the tractus fibres degenerated when the eye was removed. Krause 
('98), after the Marchi treatment of fish from which the eyes had been 
removed, found that about one-tenth of the tract — mostly distributed 
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in the dorsal root, which spreads on the roof of the tectum — did not 
degenerate. In a very old one-eyed fish both the geniculate ganglion 
and the torus longitudinalis were, he found, much atrophied and the 
fillet was reduced. The spindle-cell layer contained fewer cells than 
were found in fishes more recently operated on. 

Turning next to the finer anatomy of the tectum a diagrammatic rep- 
resentation of a parasagittal section is shown in Figure 22 (Plate 5). 
This exhibits the types of cells found in the tectum by the aid of the 
silver method. 

In layer 1 few cells were impregnated. Of these the more common 
type (Fig. 22, a) was oval and bipolar, its two processes running parallel 
to the fibres of layer 2. In some instances, however, the cell had a 
third and even a fourth process. Similar cells have been described by 
Fusari, except that the cell bodies described by him were sphericaL 
Neumayer ('95) has shown elongated bipolar cells with processes parallel 
to layer 2, and also rounded cells whose neurites fibrillated in the layer 
of optic fibres. Mirto ('96) indicated cells in corresponding positions, 
but with triangular bodies. I, also, have found a few pear-shaped cells 
(Fig. 22, P) in this layer. These lay near the surface and sent off their 
processes from their deeper, smaller ends. Some of these processes 
passed through the optic layer (2) into layer 3, while others turned at 
right angles and ran in layer 1 parallel to the surface. 

Layer 2 is composed of the medullated fibres which enter the tectum 
as the optic tract. At the beginning of the tectal region the fibres of 
the tract, after having passed beneath the geniculate body, bend toward 
the surface of the brain to form this second layer. Some of the cells 
of the nidulus corticalis (ntd. ctx,) lie in this layer, since the nidulus ex- 
tends from ventricle to surface. The bulk of the dorsal bundle of fibres 
from the tractus passes too near the sagittal plane to touch the nidulus 
corticalis, and the ventral division does not reach as far dorsally as the 
nidulus. So there is little disturbance in the course of the fibres of the 
tractus in passing these very large cells. The diminution iu the thick- 
ness of the optic-fibre layer in passing from before backwards, which is 
due to the fibres continually spreading out over more of the surface of 
the optic lobe, and to the termination of many of them in anterior 
regions, is shown in Figure 25 (Plate 5). 

Here and there other cells, besides those of the nidulus corticalis, 
which lie at the anterior end of the tectum, are seen in the optic layer ; 
these have fibres, some of which extend inward, others outward. The 
cell-body of one of these (Fig. 22, y) was pear-shaped, the smaller end 
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being directed outward. From this smaller end processes ran both an- 
teriad and posteriad, the most of them parallel to the surface ; one, 
however, took an oblique direction, running forward and inward, and 
reached layer 3. Neumayer represents in this optic layer spindle- 
shaped cells, the upper ends of which fibrillate in layer 1, and the 
lower in layer 3. 

The third layer contains cells of many shapes, (a) Short spindle- 
shaped cells (Fig. 22, 8) with one process directed outward aud fibrillat- 
ing in layer 1, and one or more processes directed inward. Cells like 
these are described by Fusari, Neumayer, and Mirto, and the last two 
authors say that the neurites are directed inward and reach the fillet 
layer. Fusari also describes a type of cell which is spindle-shaped with 
processes extending downwards and fibrillating just above the fillet 
layer. A neurite of one of these cells is figured running through the 
corona radiata of Gottsohe ^ into the torus semi-circularis. (b) Pyri- 
form cells (Fig. 22, e) with all the processes directed inward and the 
ends of the fibrillations reaching into layer 4. (c) Rounded cells 
(Fig. 22, ^ with rather long sparsely branched processes, the outward 
process having been followed in one case into the optic-fibre layer. 
(d) Cells (Fig. 22, rf) the reverse of those denominated € in this layer, 
with fibrillations having the opposite direction and reaching to, or even 
through, the optic layer into layer 1. (e) Lying near the boundary 
between this (3) and the next deeper (4) layer were found a few cells 
(Fig. 22, $) flattened in a direction perpendicular to the surface of the 
optic lobes. Each of these possessed a process running from either end 
parallel to the surface of the tectum and sometimes a third. one passing 
out towards the surface. At or near this transitional region between 
layers 3 and 4 the fibres from most cells send off short branches parallel 
to the surface. 

I have separated layers 2 and 3 because in the anterior portion of the 
tectum some fibres from the optic tract take a direct course into layer 
3 without first bending outward into layer 2. In the posterior portion 
of the tectum, however, it is not possible to distinguish these two layers. 

Bundles of large processes from the nidulus corticalis (nid. ctx, ) enter 
the anterior portions of these two layers and form a prominent fibrilla- 
tion, traceable for some distance backward. These coarse, wavy processes 
are much larger than the fine fibres, which I have shown (p. 40) to be 
the neurites which make up the horizontal commissure, and there may 
be two or three of them from one cell. These coarse processes can be 
1 This is the " Stabkranz," the descending fillet fibres. 
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followed backward for some little distance along distinct paths in layers 
3 and 4, and the general appearance of the fibrillations farther back 
indicates that these processes, branching continually, pass backward 
through the tectum much farther than continuity can be directly traced. 
A dendrite may branch and follow the fibrillar paths in each of the two 
layers* 

A large system of fibres also enters the same general region of the 
tectum from the axial part of the mid-brain ; some of these cross from 
the opposite side of the brain in the lower part of the posterior commis- 
sure. These fibres may constitute the most anterior portion of the com- 
missura mesencephali (Herrick's sylvian commissure) or, as I think 
more likely, they may come from the motor regions, possibly Bailer's 
anterior connective. I have not succeeded in tracing these fibres to 
any cells. 

In layer 4 appear the cells which are most characteristic of the tectum 
(Fig. 22, i). They were impregnated in most of the Golgi preparations. 
They are spindle-shaped, being much elongated in a radial direction, 
and have fibrillations which extend outward as far as layer 2. Some- 
times there is an impregnated process which goes from the deeper end 
of the cell into layer 5, and sometimes there is not. Neumayer and 
Mirto each state that the neurites of these spindle cells are traceable to 
the fillet layer and the fibrillations to the optic layer. Mirto de^ribes 
cells with the same processes but with much more slender bodies. The 
spindle-shaped bodies are shown by my hematoxylin preparations to 
be very abundant indeed in this layer, only a few taking the Golgi 
impregnation in a single specimen. In this layer (4) there were also 
found sparingly cells (Fig. 22, k) with rounded bodies and processes 
which fibrillate inwards and extend into the fillet layer (5). A very few 
pyriform cells lie near the deep surface of this layer (4) and send their 
processes outward (Fig. 22, X). Fusari shows irregular, large-bodied 
cells with many processes and neurites, when such are present, extending 
into layer 5. A bifurcate cell is figured by Mirto with its telodendrites 
in layer 3. My flounder impregnations produced neither of these types. 

I have spoken of layer 5 as the fillet layer because it is composed 
chiefly of fibres which pass backward and medianward, forming the so- 
called corona radiata of Gottsche, the lemniscus or fillet system. 

This layer is composed of cross and longitudinal fibres which, seen in 
tangential section, form a meshwork over the whole of the dorsal part 
of the tectum. In front of the optic ventricles bundles of fibres 
(Plate 5, Fig. 22, Imn,) can be followed from the axial part of the mid 
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brain through the region of the nidulus corticalis into the longitudinal 
fibre layer. Most of the cross-lying fibre bundles, which form the com- 
misBura mesencephalic lie below the longitudinal layer. Some of these 
cross bundles seem to turn longitudinally after crossing the mid-line. 
It may be that the uncrossed fibres of the fillet are a continuation of 
these. The longitudinal fibres, at any rate, pass back in bundles to the 
region of the anterior peduncles of the cerebellum. In any section 
which outs through the whole thickness of the tectum, whether cross or 
parasagittal, some bundles will be shown (Plate 5, Fig. 25, Imn.). As 
the tectum is dome-shaped, the more nearly median parasagittal 
sections will out the fibre bundles at the anterior and posterior ends of 
the tectum, whereas the more lateral sections will show the fibres of the 
middle of the tectum cut longitudinally. There is a rather distinct 
portion of the fillet which arises from the anterior ventral part of the 
tectum and, slanting upwards and inwards, passes through the nidulus- 
corticalis region back towards the cerebellum, beneath and behind the 
median boundary of the optic ventricles. The fillet fibres may be 
roughly likened to the slightly curved fingers of an open hand, palm 
inward, wrist beneath the cerebellum, grasping the most of the gray 
layer of the tectum. The gray of the posterior portion of the tectum 
seems, however, to be outside the region surrounded by the fillet-fibre 
bundles. 

The fibres of the commissura mesencephali cross just above the gray 
layer in the anterior part of the tectum in the region of the torus longi- 
tudinalis. According to Herrick they form a continuation of the series 
found in the posterior commissure. 

Besides these fibres, there are in layer 5 a number of different forms 
of cells : (a) Cells with rounded bodies (Plate 5, Fig. 22, fi) of the same 
size as those (Fig. 22, p) in the next deeper layer (6) — the gray layer 
— and with processes which may fibrillate into any one or all of the more 
superficial layers (1-4) of the tectum, (b) Spindle-shaped cells (Fig. 22, 
y) like those (t) characteristic of layer 4. When an axonic process can 
be followed from the deep end of such a cell, it finds its way into the 
fillet layer, but whether into the cross or longitudinal system I cannot 
determine, (c) Long triangular cells (Fig. 22, o) with a single process 
extending toward the periphery, and from each of the comers of the 
deep end a process running parallel to the fillet layer, (d) Rounded 
cells (Fig. 22, w) with fibres which turn immediately into the fillet 
layer and with very short dendritic processes. 

The next layer (6) is the gray molecular or granular layer. This is 
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the most noticeable portion of the tectum, especially in young animals. 
The nuclei are closely crowded together, with a definite arrangement 
due to the radially directed processes of the ependymal cells, which pass 
through all the layers from the ventricle to the pia. Only one type of 
cell body (Fig. 22, p) is evident, that being the small and roimded 
form ; in Golgi preparations, it is slightly pear-shaped, and resembles 
much the ependymal cell. But since the cells of this layer have pro- 
cesses of a number of types, they cannot all be, as Fusari ('96) main- 
tained, ependymal cells. They may fibrillate in any or all of the layers 
outside the sixth. In Golgi preparations a very few spindle cells, like 
those in layers 4 and 5, appear. Some of the peripheral ceUs (Fig. 22, a) 
of this layer, as well as the very deep ones, may send to the surfoce a 
process which ends in branching fibrillations beneath the pia. The 
fibres from other cells were found to break up in layers 3, 4, and 5. 
These fibres are often impregnated when none of their processes take the 
silver, or vice versa. The cells next to adjacent layers, whether the 
deeper or those nearer the periphery, are more likely to become impreg- 
nated than those in the middle of the layer. 

The innermost layer (7), less dense than any of the preceding, is 
composed of the bodies of the ependymal cells and the basal portions of 
their processes. A reticulate portion of this layer (next to layer 6) is 
not apparent in young specimens, and so I have not recognized it as 
a separate layer, but have included in layer 7 all that lies between the 
gray layer (6) and the ventricle. 

In the adult brain there are scattered through this loose layer a few 
large-bodied very irregular cells (Fig. 22, r), each having a multitude 
of long beaded processes. I was unable to discover any neurite con- 
nected with these cells. 

In order to simplify the diagram (Fig. 22), I have omitted in all cases 
the free fibrillations. In most impregnations where there are any at all, 
there are so many that only a few can be traced to any definite 
meduUated layer. Layer 3, however, certainly contains, among other 
fibrillations, free branches from the optic layer (2). In layers 3 and 4 
free fibrillations of fibres from cells in layer 5 are doubtful, because 
any one of the many cells in the granular layer (6) may have its fibre 
impregnated though itself remaining clear. 

Between the fillet layer (5) and the optic layer (2) there are two 
especially dense fibrillar regions corresponding in gene/al to the two 
bundles of dividing processes which arise from the cells of the nidulus 
corticalis. 
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For the purpose of comparing the impregnation of the tectal region in 
these Pleuroneotidae with that of the same region" in a symmetrica] fish, 
in order to ascertain whether there are any noticeable histological dif- 
ferences, I have applied the Gk)lgi method to the brain of Fandulus 
heteroclitoSy the mud minnow. These were found to take the stain very 
much more easily than do flounders; but there was also more of the 
silver precipitate carried inward from the surface. I conclude, there- 
fore, that the tissue in Fundulus must be more open. , Except as to the 
size of certain cells and the relative thickness of some fibre bundles, 
the two brains correspond closely. The cells of the nidulus corticalis 
in the minnow are much smaller proportionately, though their tectal 
processes can be followed in layers 3 and 4 as far as in the Pleuro- 
nectidse. The spindle-shaped cell found most abundantly in layer 4 
was again in the minnow the most noticeable cell impregnated, and was 
found most often. A triangular cell in layer 5, very similar to the 
cell o found in the corresponding layer of the flatfish, had its outward 
process extended to layer 1, where it fibrillated like an ependymal cell. 

Most of the cells of layers 3, 4, and 5 in Fundulus had neurites 
traceable into layer 5, the fillet layer. 



VI. Theoretical Ck>nsiderationB. 

The conditions in the tectum are the same as those found in the optic 
lobes of typical Teleostei. The division of the tectum into layers is of 
importance as a means of more precise description. There mpst be a 
place where the fibres of the optic tract, which come in as layer 2, end ; 
that region is layer 3. There must be an association system connecting 
with the posterior motor regions, and the fibres of this system are either 
a part or the whole of layer 5. li only a part, then the purpose of the 
oommissura mesencephali is to put the two optic lobes in communica- 
tion with each other. The cells in layers 3, 4, and 6, especially the 
spindle cells in layers 3 and 4, probably serve to receive and transmit 
optic stimuli. 

The nidulus corticalis, developing early, as it does, is probably one of 
the most eflfective association centres of the brain. Lying at the entrance 
to the tectum, with a strong bundle of neurites running through the two 
niduli rotundi in the ventral part of the brain, and with its numerous 
large dendrites passing into layers 3 and 4 of the tectum, it should be 
able to connect the optic sensory region with the motor areas quickly, 
and thus account for the extreme rapidity of movement of these larvae. 
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The " why " of the peculiar metamorphosis of the Pleoronectidse is an 
unsolved problem. The presence or absence of a swim bladder can have 
nothing to do with the change of habit of the jouDg flatfish, for P. 
americanus must lose its air-bladder before metamorphosis begins, since 
sections showed no evidence of it, whereas in Both us the air-sac can 
often be seen by the naked eye up to the time when the fish assumes 
the adult coloration, and long after it has assumed the adult form. 

Cunningham ('92-97) has suggested that the weight of the fish acting 
upon the lower eye after the turning would press it towards the upper 
side out of the way. But in all probability the planktonic larva rests 
on the sea bottom little if at all before metamorphosing. Those taken 
by me into the laboratory showed in resting no preference for either side 
until the eye was near the mid-line. 

That the change in all species is repeated during the development of 
each individual fish, has been used to support the proposition that the 
flatfishes as a family are a comparatively recent product They are, on 
the other hand, comparatively ancient. According to Zittel ('87-90, pp. 
315-316) flatfishes of species referable to genera living at present, 
Ehombus and Solea, are found in the Eocene deposits. These two 
genera are notable in that Rhombus is the least and Solea the most 
unsymmetrical of the Pleuronectidce. 

The degree of asymmetry can be correlated with the habit of the ani- 
mal. Those fishes, such as the sole and the shore-dwelling flounders, 
which keep to the bottom, are the most twisted representatives of the 
family, while the more freely swimming forms, like the sand-dab, summer 
flounder and halibut, are more nearly symmetrical. Asymmetry must 
be of more advantage to those fishes which grub in the mud for their 
food than to those which capture other fishes ; of the latter, those that 
move with the greatest freedom are the most symmetrical. 

This deviation from the bilateral condition must have come about 
either as a "sport," or by gradual modification of the adults. If by the 
latter method, — the change proving to be advantageous, — selection 
favored its appearing earlier and earlier in ontogeny, until it occurred in 
the stages of planktonic life. Metamorphosis at an age younger than this 
would be a distinct disadvantage, because of the lack of the customary 
planktonic food at the sea-bottom. At present some forms of selection 
are probably continually at work fixing the limit of the period of meta- 
morphosis by the removal of those individuals which attempt the trans- 
formation at unsuitable epochs, — for instance, at the time of hatching. 
That there are such individuals is shown by FuUarton (*91), who figures 
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a fish just hatched '* anticipating the twisting and subsequent unequal 
development exhibited by the head of Pleuronectids." Those larvaB 
which remain pelagic until better able to compete at the sea bottom 
become the adults which fix the time of metamorphosis on their progeny. 

Vn. Smninary* 

1. The young of Limanda ferruginea are (probably) in the larval stage 
at the same time as those of Pseudopleuronectes americanus. 

2. The recently hatched fish, both P. americanus and Bothus, are 
symmetrical, except for the relative positions of the two optic nerves. 

3. The first observed occurrence in preparation for metamorphosis in 
P. americanus is the rapid resorption of the part of the supraorbital 
cartilage bar which lies in the path of the eye. This is probably due to 
pressure from the migrating eye. 

4. Correlated with this is an increase in the distance between the eyes 
and the brain, caused by the growth of the facial cartilages. 

5. The migrating eye moves through an arc of about 120 degrees. 

6. The greater part of this rotation (three-fourths of it in P. ameri- 
canus) is a rapid process, taking not more than three days. 

7. The anterior ethmoidal region is not so strongly influenced by this 
twisting as the ocular region. 

8. The location of the olfactory nerves shows that the morphological 
mid-line follows the inter-orbital septum. 

9. The cartilage mass lying in the front part of the orbit of the adult 
eye is a separate anterior structure in the larva. 

10. With unimportant difierences, the process of metamorphosis in 
the sinistral fish is parallel to that in the dextral fish. 

11. The original location of the eye is indicated in the adult by the 
direction first taken, as they leave the brain, by those cranial nerves 
having to do with the transposed eye. 

12. The only well-marked asymmetry in the adult brain is due to 
the much larger size of the olfactory nerve and lobe of the ocular side. 

13. There is a perfect chiasma. 

14. The optic nerve of the migrating eye is always anterior to that of 
the other eye. 

15. The optic tract is divided into dorsal and ventral portions. 

16. There are fibres from the tract which enter the geniculate body. 
No other bundles of fibres leave the tract before it reaches the tectum. 

17. The ganglia habenulse are symmetrical, at least in the larva 
before metamorphosis. 
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18. There is a notable sulcos on the lateral side of the adult optic 
lobe, which increases the surfoce area of the tectum. 

19. The nidulus corticalis is the origin of the horizontal commissure 
and of a large bundle of nerve fibres which pass into layers 3 and 4 of 
the tectum. 

20. The most important receiving cells for the fillet layer are proba- 
bly the large spindle cells in layer 4. 
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EXPLANATION OF PLATES. 



Fignres 18, 14, and 16 are of Bothus maadatuM. All others are of Pseudopieu 
roneetes americanus. All ezoept Figure 11 were ootlined with the camera locida. 

ABBREVIATIONS. 



a. ... 


. Anterior. 


gLpin. . . . . 


Pineal gland. 


an, . . . 


. Anus. 


gn. hob. . . . 


Ganglion habenuls. 


are, eth, m. 


. Mesial cartilage arch 


ham,etk. . . . 


Ethmoid hook in 




of the ethmoid. 




mid-line over me- 


ba4ty. . . 


. . Basi-hyaL 




sial cartilage arch. 


can, stiu ere. 


. Semicircular canals. 


hy-md, . . . . 


Hyomandibular. 


cb,(dx.,s,) 


. Cerehrum (right 


i'cis. eth. {dr., s.) 


Ethmoid notch 




lobe, left lobe). 




(right, left). 


cbl, , , , 


. Cerebellum. 


Imn 


Lemniscus (fillet). 


eht,opt. , 


. . Optic chiasma. 


lob. olf.. . . . 


Olfactory lobe. 


d,crL , . 


. Degenerating carti- 


lob. opt. {dx., s.) . 


Optic lobe (right, 




lage cells. ^ 




left). 


cormhz. 


. . Commissura hori- 


mb.ach. . . . 


Arachnoid mem- 




zontalis. 




brane. 


cp. gnie, . 


. Geniculate body. 


ms'eth 


Mesethmoid. 


crt, mk, {dx,, $ 


) . MeckePs cartilage 


md,etx. . . . 


Nidulus corticalls 




(right, left). 




(Fritsch). 


crt, orb. a. . 


. Antorbital cartilage. 


nid. rot. 


Nidulus rotundus. 


crt. pin. d. 


. Bays of dorsal fin. 


fi. opt. [dx., ».) . 


Optic nerve, right, 


€C*€th. (C/X., ».) 


. Ect^thmoid or pre- 




left). 




frontal (right, 


06.111/ . . . . 


SeeoU.inf 




left). 


obl.inf{dx.,M.). 


Inferior oblique 


eth,, . . 


. Ethmoid. 




muscle (right. 


eth:f. . . . 


. Diagrammatic rep- 




left). 




resentation of the 


oU.tu 


Superior oblique 




pseudomesial bar 




muscle. 




formed by the 


ob.sv 


SeeoMsu. 




union of ect^th- 


oc. mig. . . . 


Migrating eye. 




moid and pre- 


P 


Posterior. 




frontal. 


pall 


Pallium. 


fir. olf. (rfx., « 


.) . Foramen for olfac- 


pa'«M 


Parasphenoid. 




tory nerve (right, 


pia 


Pia mater. 




left). 


pin. an, ... 


Anal or ventral fin. 


fv.of/.{dx.,s. 


1 . Olfactory pit (right, 


pin.d 


Dorsal fin. 




left). 


pin. pip. . . 


Pelvic fin. 
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pt-pal. {dx., ».) 



rec. orb. . . 
rt.a. . . . 




rt.d. . . . 




rt.p. . . . 
rt.v. . . . 
gid. tct. opt. . 
tct, opt, {dx., s 

tct. opt. I . 

2 . 

3 . 

4 . 
6 . 

6 . 

7 . 

trb. . . . 


) . 


trb. nCorb, {dx 


,*.) 



trb. su'orb. s. a. 



Pterygo-palatine 

cartilage (right, 

left). 
Recessus orbitaliB. 
Anterior rectus 

muscle. 
Dorsal rectus. 
Posterior rectus. 
Ventral rectus. 
Sulcus of tct. opt. 
Optic tectum (right, 

left). 
Outer layer. 
Optic fibre layer. 
Optic fibrillar layer. 
Granular layer. 
Fillet, longitudinal 

and cross layers. 
Gray layer. 
Reticulate andepen- 

dymal layer. 
Trabecuhe craniL 
Supraorbital bar 

(right, left). 
Anterior part of left 

supraorbital bar. 



trb. sv^orb. s. p. , Posterior part of left 
supraorbital bar. 

trt. opt, {d., V.) . Optic tract (dorsal, 
▼entral part). 

tu. co*nt. tis. . . ConnectiTe tissue 
sheath. 

ur*stL .... Urostyle. 

vnt. opt. . , . Optic yentricle. 

I, ... X . . . First, . . . tenth cra- 
nial nerves. 

I.{dx.,s.) . . Olfactory nerre 
(right, left). 

//. {dx., ».) . . Optic nerve (right, 
left). 

II. d. . . . . Dorsal portion of 
optic tract. 

II. V Ventral portion of 

optic tract 
V. opt. 8u Superior ophthal- 
mic branch of 
nerve V. 
V. opt. pfnd. . . Deep ophthalmic 
branch of nerve V. 
For explanation of Greek letters, 

see text 
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PLATE 1. 

(PseudopUwonectes amerieanus.) 

Fig. 1. Recently hatched fish (12 days old) from right side. X 90. 

Note. — The Ime indicating the length of this specimen is | millimetre 
too long. The length of the fish was 3.6 millimetres. 
Fish of Stage III. X 10. 
Fish of Stage IL X 10. 
Fish of Stage II, &ce view. X 35. 
Fish of Stage IV, face view. X 8. 
Fish of Stage IV, from right side. X 8. 

Facial portion of the cartilaginous cranium of a recently hatched fish, 
Stage I, projected on the frontal plane. X 200. 



Fig. 


2. 


Fig. 


8. 


Fig. 


4. 


Fig. 


6. 


Fig. 


6. 


Fig. 


7. 
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PLATE 2. 

{PMeudopleuronectes amerieanus.) 

Fig. 8. Brain of fish 75 millimetres long, dorsal view. X 8. 

Note. — ob, inf. should have been obi. inf. 
Fig. 9. Same brain viewed from right side. X 8. 
Note. — ob. sv. should have been obi. .m. 
Fig. 10. Facial cartilages of fish of Stage U. as seen from aboTe. X 100. 

Note — Meckel's cartilage does not extend as far caudad as the letter- 
ing, art. mk. dx., Which is placed opposite the quadrate-hjomandibular 
mass. 
Fig. 11. Dorsal view of brain, transposed eye and cranial nerves of adult From 

a dissection. X 2. 
Fig. 12. Chiasma of a fish at Stage L seen from in front. X 700. 
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PLATE 3. 

Fig. 13. Bothus, Anterior face of a cross-section through the nasal pits of a fish 

in Stage IV. X 40. 
Fig. 14. Bothu8, Dorsal aspect of a frontal section through a fish of Stage IL 

xioo. 

Fig. 16. Pseudoplevroneetes, Supraorbital bar cut in frontal section showing signs 

of resorption. X 760. 
Fig. 16. Bothus. Anterior face of a cross-section from the same indiyidual as in 

Fig. 13. X 40. 
Fig. 17. PseudopUurmectes. Anterior face of a cross-section of the head of a fish 

in Stage L X200. 
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PLATE 4. 

[PseudopUurmectes ameriecmus.) 

Fig. 18. Anterior face of a cross section through the head of a fish of Stage III. 
XIOO. 
NoTB. — 06. in/, <. should have been obi. inf. s. 
Fig. 10. Portion of a slanting cross section through cerebral lobes and diencepli- 
alon. X 100. * 
NoTB. — ^The letters n. opt. s. in this figure should be changed to tr. opt. dx. 
Fig. 20. Frontal section tlirough habenuhe and geniculate bodies. X 100. 
Fig. 21. Parasagittal section through geniculate body and optic tract X 100. 
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PLATE 5. 

( Pseudopleuronectes americanus. ) 

Fig. 22. Diagram of parasagittal section of tectam. X 67. 

Fig. 23. Portion of a parasagittal section of tectum from the anterior part of the 

optic ventricle to the surface. X 228. 
Fig. 24. Cross section of optic nerve. X 60. 
Fig. 26. Parasagittal section of diencephalon and part of metencephalon. X 18. 
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CONTRIBUTIONS FROM THE ZOOLOGICAL LABORATORY OF 
THE MUSEUM OF COMPARATIVE ZOOLOGY AT HARVARD 
COLLEGE. 

E. L. Mark, Director, 



«% AbbreTiations nsed : — 

B. M. C. Z for Bull. Miu. Comp. Zodl. 

P. A. A for Proceed. Amer. Acad. Arts and Sd. 

P. B. 8. N.H. for Proceed. Boat. Soc. Nat. Hist. 

1. Babhvs. W. — On the Bevelopment of the Posterior Fissure of the Spinal Cord, and 

the Redaction ofthe Central Canal, iu the Pig. P. A. A. !• : W-llO. 8 pis. 1884. 

2. TuTTUE, A. H. — The Relation of the External Meatus, Tympanam, and Eustachian 

Tube to the First VUceral Cleft. P. A. A. !• : 111-182. 2 pis. 1884. 
8. Atebs, H. — On the Deyelopment of Oecanthus nireus and its Parasite, Teleas. 

Mem. Bost. Soc Nat. Hist. 8 : 22&-281. 8 pis. Jan., 1884. 
4. Whitman, C. O. — The External Morphology of the Leech. P. A. A. 90: 76-87. 

Ipl. Sept., 1884. 
6. Patten, W. — The Deyelopment of Phryganids, with a Preliminary Note on the 

Development of Blatta Germanica. Quart. Journ. Micr. Sci. %^ : 540-602. 3 pis. 

1884. 

6. Rbiohabd, J. — On the Anatomy and Histology of Aulophorus vagus. P. A. A. 

90 : 88-106. 8 pis. Oct., 1884. 

7. Faxon, "W.— Descriptions of New Species of Cambarus; to which is added a 

Synonjmical List of the Known Species of Cambarus and Astacus. P. A. A. 
90 : 107-158. Dec, 1884. 

8. Loot, W. ~ Observations on the Development of Agelena naevia. B. M. C. Z. 

19 : 63-103. 12 pis. Jan., 1886. 

0. Fewkks, J. W.— Report on the Medusae collected by the U. S. Fish Commission 
Steamer Albatross in the Region of the Gulf Stream in 1888-'84. Ann. Rep. Comnr. 
Fish and Fisheries for 1884, 927-080, 10 pis., 1886. 

10. AteB8, H. — On the Carapax and Sternum of Decapod Crustacea. Bull. Essex lust. 

17 : 49-59. 2 pis. 1886. 

11. Mabk, E. L. — Simple Eyes in Arthropods. B. M. C. Z. 18 : 49-105. 5 pis. Feb., 

1887. 

12. Pabkbr, G. H. — The Byes in Scorpions. B. M. a Z. 13 : 178-208. 4 pis. Dec, 

1887. 

18. Mato, Florbncb. — The Superior Incisors and Canine Teeth of Sheep. B. M. C. Z. 
18 : 247-258. 2 pis. Jun., 1888. 

14. Platt, Juua B. — Studies on the Primitive Axial ^gmentation of the Chick. 
B. M. C. Z. 17 : 171-190. 2 pis. Jul., 1889. 

16. Mark, E. L. — Studies on Lepidosteus. Part 1. B. M. C. Z. 19: 1-127. 9 pK 
Feb., 1890. 

16. EioENMANN, C. H. — On the Egg Membranes and Micropyle of some Osseous 

Fishes. B. M. C. Z. 19 : 12^154. 8 pis. Mar.. 1890. 

17. Pabkkr,G. H. — The Histology and Development of the Eye in the Lobster. 

B. M. C. Z. 80 : 1-60. 4 pis. May, 1800. 

18. Atnbs, H. — The Morphology ofthe Carotids, based on a Study of the Blood-vessels 

of Chlamydoselachus angruineus, Garman. B. M. C. Z. 17 : 191-228. 1 pi. Oct., 
1889. 

19. Daynnpobt, C. B. — Cristatella : The Origin and Development of the Individual in 

the Colony. B. M. C. Z. 80 : 101-151. 11 pis. Nov., 1890. 

90. Parkeb, G. H. — The Eyes in Blind Crayfishes. B. M. C. Z. 80 : 158-162. 1 pL 
Nov., 1890. 
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81. Hbnchman, Airnn P. —The Origin uid DeTelopment of the Central Nerrons Sys- 
tem in Linutx maximas. B. M. C. Z. 90 : 160-208. 10 pis. Dec, 1890. 

22. RiTTEii, W. E. —The Parietal Eye in some Lizards from the Western United States. 

B. M. C. Z. 90 : 20».228. 4 pis. Jan., 1801. 

23. Davbnport.C. B. — Preliminary Notice on Badding in Bryozoa. P. A. A. 99: 

278-282. Mar., 1801. 

24. "WooDWOBTH, W. M. — Contributions to the Morphology of the Turfoellaria. — I. On 

the Structure of Phagocata gracilis, Leidy. B. M. C. Z. 91 : 1-44. 4 pis. Apr., 
1801. 

25. Parker, G. H.— The Compound Eyes in Crustaceans. B. M. C. Z. 91: 45-142. 

10 pis. May, 1801. 

20. Ward, H. B. — On some Points in the Anatomy and Histology of Sipnncnlns 
nudus, L. B. M. C. Z. 91 : 143-184. May, 1801. 

27. Field, H. H. — The Derelopment of the Pronephros and Segmental Duct in Am- 

phibia. B. M. C. Z. 91 : 201-342. 8 pis. Jnn., 1801. 

28. Dayeitport, C. B. — Obserradons on Budding in Palndicella and some other Bryo- 

zoa. B. M. C. Z. 99 : 1-114. 12 pis. Dec., 1801. 

20. Smith, F. — The Gastrulation of Aurelia flaridnla, P^r. and Les. B. M. C Z. 99 : 
115-128. 2 pis. Dec, 1801. 

80. Johnson, n. P. — Amitosis in the Embryonal Enyelopes of the Scorpion. B. M. C. Z. 

99 : 127-102. 8 pis. Jan., 1802. 

81. BoTER, E. R. — The Mesoderm in Telcosts : especially its Share hi the Formation of 

the Pectoral Fin. B. M. C. Z. 98 : 01-134. 8 pis. Apr., 1802. 

82. Ward, II. B. — On Nectonema agile. B. M. C. Z. 9S : 135-188. 8 pis. Jnn., 1882. 

88. Dayenport, C. B. — On Umatella gracilis. B. M. C. Z. 94: 1-44. pis. Jan., 
1883. 

84. Davenport, C. B. —Note on the Carotids and the Ductus Botalli of the Alligator. 

B. M. C. Z. 94 : 45-50. 1 pi. Jan., 1803. 

85. RiTTER, W. E. — On the Eyes, the Integumentary Sense Papillae, and the Integu- 

ment of the San Diego Blind Fish (Typhlogobius califomiensis, Steindachner). 
B. M. C. Z. 94 : 51-102. 4 pU. Apr., 1803. 

80. NiCKBRSON, W. S. — The Development of the Scales in Lepidoeteus. B. M. C. Z. 
94 : 115-140. 4 pis. Jul., 1803. 

87. Davenport, C. B. — Studies in Morphogenesis. — I. On the Development of the 

Cerata in .£olis. B. M. C. Z. 94 : 141-148. 2 pis. Jul., 1803. 

88. WooDWORTH, W. MoM. — A Method of Orienting small Objects for the Microtome. 

B. M. C. Z. 90 : 45-47. Dec, 1803. 

80. Korom, C. A. — On some Laws of Cleavage in Lhnax. P. A. A. 99: 180-203. 
2 pis. 1804. 

40. Davenport, C. B. — Studies, etc. — II. Regeneration in Obelia and its Bearing on 

Diflerentiacion in the Germ-Plasma. Anat. Anz. 9: 283-284. 6 figs. Feb. 16, 
1804. 

41. HoLRROOK, A. T. — The Origin of the Endocardium in Bony Fishes. B. M. C. Z. 

9S : 75-07. 5 pis. Aug., 1804. 

42. Castle, W. E. — On the Cell Lhieage of the Ascidian Egg. A Preliminary Notice. 

P. A. A. SO : 200-210. 2 pis. Oct., 1804. 

48. Wbtsse, a. W. — On the Blastodermic Vesicle of Sns scrofii domesticiis. P. A. A. 
80:283-828. 4 pb. Dec, 1884. 

44. Wilcox, E.V. — Spermatogenesis of Caloptenns femur-rubnim. Preliminary 

Notice. Anat. Anz. lO : 803, 804. Dec. 10, 1804. 

45. Miller, Gerrit S., Jr.— On the Introitus Vagin» of certain Moridn. P. B. S. N. H. 

90 : 450-468. 1 pi. Feb., 1886. 

46. Davenport, C. B., and Caatlb, W.E.— Studies, etc.— III. On the Acclimatiza- 

tion of Organisms to High Temperatures. Ardi. t Entwickelungsmechanik 9 : 
227-240. Jul. 28, 1805. 

47. WiLoox, E. V. — Spermatogenesis of Cal<^tenus femur-rubrum and Cicada tibicen. 

B. M. C. Z. 97 : 1-32. 6 pis. May, 1805. 

48. KoFOiD, C. A. — On the Early Development of Lhnax. B. M. C. Z. 97: 88-11& 

8 pis. Aug., 1885. 
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49. NicKSBSON, W. 8. — On Sticbocotyle nephropis Cnnningfaam, m Panutite of the Ameri- 

can Lobster. Zool. Jahrb., Abth. f. Auat. S : 447-480. S pU. 1895. 

50. Dayvnpobt, C. B.— Studies, etc. — IV. A preliminary Catalofnie of the Processes 
• concerned hi Ontogeny. B. M. C. Z. 9T: 171-199. 31 figs, iu text. Nov., 1895. 

61. Parkvr, G. II., AND Floyd, R. — The Preservation of Mammalian Brains by Means 

of Formol and Alcohol. Anat. Ant. 11 : 166-158. Sept. 28, 1895. 

62. Castlb, W. E. — The Early Embryology of Ciona iutcstinalis, Flemming (L.). 

B. M. C. Z. ar : 201-280. 13 pis. Jan., 1806. 

53. Davenpobt, C. B., aicd Nsal., H. V. — Studies, etc. — V. On the Acclimatization 
of Organisms to Poisonous Cliemical Substances. Arch. f. Eutwiekelungsme- 
chanik :» : 564-583. 8 figs. Jan. 28, 1896. 

64. Parksr, G. H., and Floyd, R. — Formaldehyde, Formaline. Formol, and Forma- 

lose. Anat. Anz. 11 : 567, 568. Feb. 14, 1806. 

65. Parksr, G. U.— The Reactions of Metridium to Food and other Substances. 

B. M. C. Z. :iO : 106-119. Mar., 1896. 

66. Gkrocld, J. H. — The Anatomy and Histology of Caudina arenaU Gould. * 

P. B. S. N. IL ar : 7-74. 8 pUu and B. M. C. Z. «•: 121-190. 8 pis. Apr., 
1896. 

67. Parksr, G. H. — Variations in the Vertebral Column of Necturua. Anat. Anz. 11 : 

711-717. 2 figs. Mar. 29, 1896. 

68. Wilcox, E.V. — Further Studies on the Spermatogenesis of Caloptenus femur- 

rnbrom. B. M. C. Z. 99 : 191-206. 3 pis. Jun., 1896. 

60. Maysb, a. G.— The Development of the Wing Scales and their Pigment in Butter- 
flies and Moths. B.M.C.Z.:aO: 207-236. 7 pis. Jun., 1896. 

60. Folsom , J. W. — Neelus murinus, representing a new Thysanuran Family. Psyciie, 

7 : 801, 392. 1 pi. Jun., 1896 

61. Goto, S.— Vorl&oflge Mittheilong ttber die Entwicklung des Seestcmes Asterus 

pallida. Zool. Anz. 19 : 271-273. Jun. 15, 1806. 

62. Parksb, G. H. —Pigment Migration in the Eyes of Palaemonetes. A Preliminary 

Notice. Zool. Anz. 19: 281-284. 2 figs. Jan. 29, 1896. 

68. Woodwobth, W. McM.— Preliminary Report on Collections of TurbelUuria from 
Lake St. Clair and Charlevoix, Michigan. Bull. Michigan Fisli Commission, 
No. 9:94, 95. 1896. 

64. Goto, S. — Preliminary Notes on the Embryology of the Starfish (Astcrias pallida). 

P. A. A. 81 : 833-335. Jul., 1896. 

65. WooDWORTH, W. McM. — Report on the TurbellarU collected by the Michigan 

State Fish Commission during the Summers of 1898 and 1894. B. M. C. Z. 99 : 
287-244. Ipl. Jan., 1896. 

66. TowsR, W. L. — On the Nervous System of Cestodes. Zool. Anz. 19: 323-327. 

2 figs. Jol. 20, 1896. 

67. Daybnfobt, Gsbtbudr C. — The Primitive Streak and Noto^^hordal Canal in Che- 

Ionia. Radclifle Coll. MoQogtaphs, No. 8» 64 pp. 11 pis. [Sept.], 1896. 

68. Lkwis, MargaRST. — Centrosome and Sphere in Certain of the Nerve Cells of an 

Invertebrate. Anat. Anz. 19 : 291-299. 11 figs. Sept. 2, 1896. 

69. JuDD, S. D. — Description of three Species of Sand Fleas (Amphipods) collected at 

Newport, Rhode IsUnd. Proc. U. S. Nat. Mus. 18 : 693-603. 11 figs. Aog., 1896. 

70. jRNimcos, H. S.— The Early Development of Asplanchna Uerrickli de Gueme. 

A Contribution to Developmental Mechanics. B. M. C. Z. SO : 1-118. 10 pis. 
Oct, 1896. 

71. Nkal, H. V. — A Summary of Studies on the Segmentation of the Nervous System 

in Sqnalos acaothias. A Preliminary Notice. Anat. Anz. 1:9 : 377-391. 6 figs. 
Oct. 20, 1806. 

72. DAvnrpoRT, C. B., and Cannon, W. B. — On the Determination of the Direction 

and Bate of Movement of Organisms by Light. Jour, of PhysioL 91 : 22-82. 
Iflg. Feb. 6, 1807. 
78. Davbntobt, C. B., and BuLLARD, C. — Studies, etc. — VI. A Contribution to the 
Quantitative Study of Correlated Variation and the Comparative Variability of the 
8exe«. P. A. A. 39 : 87-97. D«c., 1896. 



Digitized by CjOOQ IC 



T4. Matkb, a. 6. — On the Color and Color-Pfttterns of Motht and BottevfUev. 
B. M. C. Z. 30 : 167-266. 10 pis. Feb. [Mar.]. 18»7 and P. B. 8. N . H. «r : 
243-330. 10 pis. Mar., 1897. 

76. Parker, G. H. — The Mesenteries and Sipboooglyphs in Metridinm marginatum 

MUne-Edwards. B. M. C. Z. 30 : 257-272. 1 pi. Mar., 1807. 

T6. PjUiKBB, G. H. — Photomechanical Changes in the Retinal Pigment Cells of Palae- 
monetes, and their Relation to the Central Nervous System. B. M. C. Z. 30 : 
273-900. Ipl. Apr., 1897. 

77. BuNKSR, F. S.— On the Structure of the Sensory Organs of the Lateral Line of 

Ameiums nebnlosus Le Sueur. Anat. Anz. 18 : 256-260. Mar. 3, 1897. 

78. WooDWOBTU, W. McM. — On a Method of Graphic Reconstruction from Serial Sec- 

tions. Zeit. f. wiss. Mikr. 14 : 15-18. Jul., 1897. 

79. Bbkwsteb, E. T. — a Measure of Variability, and the RehrtioD of lodiTldual Varia- 

tions to Specific Differences. P. A. A. 9%: 269-280. Maj, 1897. 

80. Davsnpobt, C. B. — The Rflle of Water in Groirth. P. B. S. N. H. 99: 73-84- 

Jun., 1897. 

81. Lvwis, Mabqarst. — CljmeDe prodncta sp. nor. P. B. S.N. H. 99 : 111-115, 2 pl». 

Aug., 1897. 

82. PoRTSR, J. F. ~Two new Gregarinida. Joor.Morph. 14 : 1-20. 3 pis. Jun., 1807. 

83. WooDWOBTB, W. MoM. — Contributions, etc. — II. On some Turbellaria from 

Illinois. B. M. C. Z. 81 : 1-16. 1 pi. Oct., 1897. 

84. PoBTBR, J. F. — Trichon jmpha, and other Parasites of Termes flaripeff. B. M. C. Z. 

81:45-68. 6 pis. Oct., 1897. 

85. Wattb, F. C. — Variations in the Brachial and Lumbo-Sacra) Plexi of Nectnnw 

maculosus Rafinesqne. B. M. C. Z. 81 : 09-02. 2 pis. Nov., 1897. 

86. Datsnpobt, C. B., ani> Pbrkins, Helsn. — A Conlribotion to the Stodjr of G«o^ 

taxis in the Higher Animals. Jour, of Phjsiol. 88 : 99-110. Sept. 1, 1897. 

87. Parker, G. H.,A]n> Tozikr, C H. — The Tborackr DeriratiTes of the Poetcardinal 

Veins in Swine. B. M. C. Z. 81 : 181-144. 5flgs. Mar., 1896. 

88. GrOTO, S.— The Metamorphosis of Asterias pallida, with Special Reference to tiie 

Fate of the Body Carities. Jour. Coll. Sci., Tokyo, lO : 299-278. Opls. 1898. 

•9. NbaLi, H. v.— The Segmentatioa of the Nenrous System m Squalus acauthlaa. 
A Contribution to the Mori^M>logy of th« Vertebrate Head. B. H. C. Z. 81 : 
145-294. 9 pis. May, 1806. 

90. Lbwu, Maboarbt. — Studies on the Central and Peripheral Nerroos Systems of 

two Polychaete Annelids. P. A. A. 88 : 223-268. 8 pis. Apr., 1898. 

91. Hakakbr, J. I. — The Nervous System of Nerci» Tirens Sars. A Study in Com- 

parative Neurology. B. H. C. Z. 88 : 87-124. 6 pla. Juu., 1898. 

92. Field, W.L. W. — A Contribution to the Study of IndiTidual VariatioB in th« 

Wings of LepMoptera. P. A. A. 88 : 380-396. 5 figs. Jan., 1808. 

93. Marx, E. L. — Preliminary Report on Branchiocerianthos nrceolos, A new Type of 

AcUnian. B. M. C. Z. 88 : 145-154. Sple. Aug., 1898. 

•4. Sarqeht, p. £.— The Giant Ganglion Cells fai the SpfaMl Conl of Ctenolabras 
coera eus. Anat. Anz. 15 ; 212-225. 10 figs. Dec. 20, 1898. 

95. Rand, U. W.— Regeneration and Regalatioo in Hydra viridis. Arch. £a*wickeW 

ungsmcchanik, 8 : 1-84. 4pU. Feb. 21, 1899. 

96. FOL0OM, J. W.— The Anatomy and Ffajrtiology of the Mottth-Parta of the CoUeuk- 

bolan, Orchesella cincta L. B. M. C. Z. 8S : 5-89. Jul., 1899. 

97. Mark,E. L.— **BraiKhioceriaiithus,*' a Conrectioo. ZooL Ass. 88: 274, 275. 

Jun. 26, 1809. 

98. Banoboit, F. W. — Orogenevls in DiatapHa occidentalis Bitter (m».>, with Remarks 

on Other Species. B. M. C. Z. 85 : ^7-112. 6 ple^ Oct., 1809. 

99. Galdowat, T. W. — Observations on Non-sexual Reprodnctieo in Dero vi^pa. 

B. M. C. Z. 85 : 118-140. 5 pis. Oct., 1899. 

100. Parker, G. H.— The Photomechanical Changes in the Retinal Pigment of Ga»> 

marus. B. M. C. Z. 85 : 141-148. 1 pi. Oct., 1899. 
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101. Pabkeb, Q. n., AND Dayis, Fskdkbica K.^The Blood Vessels of the Heart in 

Carcbarias, Riga, and Amia. P. B. S. N. H. :aO(8): 163-178. 8 pis. Oct., 1899. 

102. RAin>» n. W. — The Regulation of Graft Abnormalities in Ujdra. Arch. f. En- 

twickelnngsmccbanik, 9(2): 161-214. Pis. 5-7. Dec, 1899. 
108. Tbbkk, R. M.— Reaction of Entomostraca to Stimulation by Light. Amer. 
Jour. Phjrsiol. 3(4): 167-182. Nov., 1899. 

104. Town, W. L.— The Nervous System of the Cestode Moniezia expansa. Zool. 

Jahrb., Abth. f. Anat. 1S(8): 869-884. PU. 21-26. Apr. 10, 1900. 

105. Waits, F. C— The Structure and Development of the Antennal Glands in Homarus 

americanufl Mihie-Ed wards. B. M. C. Z. 3S(7): 14»-210. 6 pis. Dec, 1899. 

106. SABavNT, P. E. — Rel8sncr*s Fibre in the Canulis Centralis of Vertebrates. Anat. 

Anz. 17(2-8): 83-44. 8 pU. Jan. 15, 1900. 

107. WnxiAMS, S. R. — The Specific Gravity of Some Frcsh-Water Animals ifi Relation 

to thehr Habits, Development, and Composition. Amer. Nat. 34(898): 95-108. 
8 figs. Feb., 1900. 

108. CA8TLB, W. E.— The Metamerism of the Hirudinea. P. A. A. 39(15): 288-808. 

8 figs. Feb., 1900. 

109. LiNviLLE, n. R. — Maturation and Fertilization in Pulmonate Gasteropods. 

B. M. C. Z. 39(8): 211-248. 4 pis. May, 1900. 

110. Parkkb, G. H.— Note on the Blood Vessels of the Heart in the Snnflsh (Orthag- 

oriscus mola Linn.). Anat. Anz. 17(1^-17): 313-316. 1 fig. Mar. 31, 1900. 

111. Pbatt, H. S. — The Embryonic History of Imaginal Discs in Melophagus ovinusL., 

etc P. B. S. N. n. 39(13): 241-272. 7 pis. June, 1900. 

112. Castli, W. E. — Some North American Fresh- Water Rhynchobdellidae, and their 

Parasites. B. M. C. Z. 36(2): 15-64. 8 pis. Aug., 1900. 
118. BowsBS, Mabt a.— Peripheral Distribution of tiie Cranial Nerves of Spelerpes 
bilineatns. P. A. A. 36(11): 177-1U3. 2 pis. Oct., 1900. 

114. F0L8OM, J. W. — The Development of the Mouth-Parts of Anurida maritima Gu^r. 

B. M. C. Z. 36(5): 85-157. 8 pis. Oct., 1900. 

115. Pakkbb, G. H., and Burktit, F. L. —The Reactions of Planarians, with and with- 

out Eyes, to Light. Amer. Jour. Physiol. 4(8): 878-385. 4 figs. Dec, 1900. 

116. Tbbkks, R. M. — Reaction of Entomostraca, etc. II. Reactions of Daphnla and 

Csrpris. Amer. Jour. Physiol. 4(8): 405-422. 6 figs. Dec, 1900. 

117. Gallowat, T. W. — Studies on the Cause of the Accelerating Effect of Heat upon 

Growth. Amer. Nat. 34(408): 94»-957. 6 figs. Dec, 1900. 

118. Pabkeb, G. H. — Correlated Abnormalities in the Scutes and Bony Plates of 

the Carapace of the Sculptured Tortoise. Amer. Nat. 3S (409): 17-24. 5 figs. 
Jan., 1901. 

119. TsBKBS, R. M. — A Study of Variation in the Fiddler Crab Gelasimus pugilator 

Latr. P. A. A. 36(24): 415-442. 8 ilgs. Apr., 1901. 

120. Pabksb, G. H., and ABKiif, L. — The Directive Influence of Light on the Earth- 

worm Allolobophorafcetida(Sav.). Amer. Jour. Physiol. 9(8): 151-157. 1 fig. 
Apr., 1901. 

121 . Stbono, R. M. — a Quantitative Study of Variation in the Smaller North-American 

Shrikes. Amer. Nat. 39 (412): 271-298. 8 figs. Apr., 1901. 

122. Sabgkmt, p. E. — The Development and Function of Rcissner's Fibre, and its 

Cellular Connections. P. A. A. 36(25): 448-452. 2 pis. Apr., 1901. 
138. Pbbmtiss, C. W.— The Otocyst of Decapod Crustacea: Its Structure, Develop- 
ment, and Functions. B. M. C. Z. 36(7): 165-251. 10 pis. July, 1901. 

124. Pbtkbs, a. W. — Some Methods for Use in the Study of InfUsoria. Amer. Nat. 
39(415): 558-559. 2 figs. July. 1901. 

126. Pbxmtiss, C. W. — a Case of Incomplete Duplication of Parts and Apparent Regu- 
lation in Nereis virens Sars. Amer. Nat. 39(415): 563-674. 6 figs. July, 1901. 
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CONTRIBUTIONS FROM THE ZOOLOGICAL LABORATORY OF 
THE MUSEUM OF COMPARATIVE ZOOLOGY AT HARVARD 
COLLEGE. ( Continued,) 

120. IUhd, H. W. — The Regenerating Nerrons System of Lumbricidift and the Cen- 
troBome of its Nerre Cells. B. M. a Z. 87(8) : 83-194. 8 pis. Sept., 1901. 

127. TnAxnsaax, P. — Studies on the Reactions of Limax maximos to Directive Stimnli. 

P. A. A. 87(8): 183-227. 23flgii. Oct., 1901. 

128. Terues, B. M. — a Contribation to the Nerrous System of (ronioncmu^ murbachii. 

Pt. I. Amer.Jonr. of Physiol. 6(6): 484-449. Feb., 1902. 

129. Ofpekhbdceb, a. — Certain Sense Organs of the Proboscis of the Polychaetons 

AnneUd Rhynchobolas dibranchiatus. P. A. A. 37^21) : &51-«Q9. 6 pis. 
Apr., 1902. 
180. WiiJjAiis, S. R. — Changes Accompanying the Migration of the Eye and Obser- 
rations on the Tractos opticns and Tectum opticum in Psendopleuroncctca 
americanus. B. M. Z. C. 40(1): 1-67. 6 pis., 7 figs. May, 1902. 
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